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resumo 
 
A indústria da pasta e do papel é um sector importante da economia mundial, 
particularmente a que assenta em espécies de Eucalyptus. No entanto, essas 
indústrias geram quantidades significativas de correntes secundárias de 
subprodutos e resíduos de biomassa que podem ser exploradas em aplicações 
de valor acrescentado em vez de serem queimadas para produção de energia. 
Um exemplo nobre pode ser a produção de ácidos triterpénicos com estruturas 
dos tipos lupano, oleanano e ursano, dada a sua abundância em alguns destes 
resíduos, em particular na casca, adotando o conceito de biorrefinaria 
integrada numa fábrica de pasta. Estes compostos são conhecidos pelas suas 
inúmeras actividades biológicas, por exemplo, antioxidante, anti-inflamatória e 
antitumoral, e podem encontrar aplicações em produtos de elevado valor, tais 
como cosméticos, nutracêuticos ou farmacêuticos. 
Neste sentido, o estudo das potencialidades das cascas das espécies de 
eucalipto mais exploradas enquanto fontes de compostos triterpénicos é um 
tópico relevante. Por conseguinte, foram analisados e comparados em 
pormenor os teores e composições em ácidos triterpénicos (TTAs) das cascas 
externas de várias espécies de eucalipto (E. globulus, E. grandis, E. 
urograndis, E. maidenii e E. nitens).  
Os teores dos principais TTAs identificados nestas espécies variaram entre 4.5 
g/kg no E. urograndis e 21.6 g/kg no E. nitens. Observou-se que as cascas 
externas de Eucalyptus de zonas temperadas e Mediterrânicas, 
nomeadamente E. nitens e E. globulus, são mais ricas em TTAs que as 
espécies de regiões tropicais e subtropicais. Além disso, a casca externa do E. 
globulus é claramente a mais rica em ácidos com estruturas do tipo ursano 
enquanto a do E. nitens é a mais rica em ácidos do tipo oleanano e lupano. 
Estes resultados levaram-nos a estudar a extração dos TTAs da casca de 
Eucalyptus, bem como a sua posterior concentração e purificação, a qual foi 
efetuada por extração sólido-líquido convencional combinada com a 
precipitação de solutos, e por extração com fluidos supercríticos (SFE). 
No que diz respeito à primeira abordagem referida, foi desenvolvido neste 
trabalho um método patenteado que permite obter extratos enriquecidos em 
TTAs das cascas de eucalipto baseado em tecnologias disponíveis no 
imediato. 
Em relação à segunda abordagem, e de forma a apostar em processos de 
baixo impacto ambiental exigidos pelas biorrefinarias do futuro, a SFE surge 
como uma opção natural. Assim, foi efetuada a SFE da casca caduca do E. 
globulus com dióxido de carbono puro e modificado para recuperar a fração de 
TTAs, e os resultados foram comparados com os obtidos por extração em 
Soxhlet com diclorometano. Foram realizados estudos preliminares sobre a 
influência da pressão (100-200 bar), a adição de co-solvente (0, 5 e 8% m/m 
de etanol), e operação em múltiplos passos a fim de avaliar a aplicabilidade da 
alternativa supercrítica para a sua produção eficiente e selectiva. Os 
resultados destacaram a influência da pressão e o importante papel  
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desempenhado pelo co-solvente neste processo, cujo efeito foi mais relevante 
do que o aumento da pressão em várias dezenas de bar. Este trabalho foi 
depois otimizado, usando o planeamento factorial de experiências e a 
metodologia de superfícies de resposta, para analisar a influência da 
temperatura (40-60 ºC), pressão (100-200 bar), e teor de etanol (0.0-5.0% 
m/m) na recuperação dos TTAs e respectiva concentração nos extractos. 
Nestes intervalos, as melhores condições de operação encontradas foram 200 
bar, 40 °C e 5% de etanol, para as quais os modelos de regressão 
estatisticamente validados previram um rendimento de extração de 1.2% com 
50% de concentração em TTAs, correspondendo ao rendimento em TTAs de 
5.1 g/kg de casca e uma recuperação de 79.2% comparativamente ao valor do 
Soxhlet. Os TTAs livres e acetilados apresentaram tendências de extracção 
bastante distintas devido às suas diferentes afinidades para o CO2 causadas 
pelas diferentes polaridades: os derivados acetilados aproximam-se de um 
patamar máximo a cerca de 200 bar e 5% de etanol, enquanto a extração dos 
TTAs livres apresenta uma tendência sempre crescente no intervalo de 
condições estudado.  
Foram também medidas curvas cumulativas de SFE da casca do E. globulus 
de forma a analisar o comportamento cinético do processo em termos de 
rendimento total, rendimento em TTAs, rendimento em TTAs livres, rendimento 
em TTAs acetilados, e concentração dos TTAs nos extractos. Foi analisada a 
influência da pressão, temperatura, teor de co-solvente e caudal do dióxido de 
carbono sobre as respostas anteriores. Os dados experimentais foram 
modelados com os modelos Logístico, de Dessorção, de Placa Plana Simples, 
e de Difusão. Na globalidade, os resultados confirmaram que a pressão e o 
teor de etanol têm um efeito significativo sobre as curvas de extração, os 
rendimentos finais e as concentrações dos extratos, e mostraram a presença 
de limitações externas à transferência de massa em alguns ensaios. Mais uma 
vez, as famílias individuais de TTAs livres e acetilados apresentaram 
diferentes tendências de extracção. A modelação permitiu-nos confirmar não 
só o importante papel desempenhado pela difusão intraparticular na SFE, mas 
também a contribuição da resistência no filme em alguns ensaios. Após a 
análise de todos os resultados, foi efetuado um ensaio em duas etapas em 
série, possibilitando o enriquecimento do teor em TTAs no extracto devido às 
diferentes condições adotadas em cada etapa. 
Por último, um éster metílico de um ácido triterpénico do tipo oleanano - 
morolato de metilo - foi identificado pela primeira vez enquanto componente da 
casca de Eucalyptus na casca externa do Eucalyptus grandis x globulus, onde 
ocorre em teores elevados. A sua extração com CO2 supercrítico foi também 
realizada, visando a conceção de uma alternativa de extração ambientalmente 
benigna para este composto. A 200 bar e 60 ºC, a remoção do morolato de 
metilo atingiu um patamar às 6 h para 5.1 kg h
-1
 de CO2 / kg de casca. Em 
geral, e de forma semelhante à SFE da casca do E. globulus, os TTAs 
acetilados foram mais significativamente extraídos quando comparados com 
os seus ácidos livres, o que está diretamente relacionado com a natureza 
menos polar destas moléculas. 
O trabalho apresentado nesta tese é uma contribuição para a valorização de 
uma corrente de biomassa com baixo valor na indústria de pasta em duas 
vertentes complementares. Por um lado, aumentou o conhecimento da 
composição lipofílica das cascas de Eucalyptus spp. com interesse comercial 
para a produção de pasta, destacando o seu potencial enquanto fontes de 
ácidos triterpénicos. Por outro lado, foram desenvolvidos dois processos 
alternativos e facilmente integráveis numa fábrica de pasta para a sua 
exploração a partir da casca: um baseado em tecnologias convencionais bem 
estabelecidas a nível industrial, prevendo a sua aplicação a curto prazo, e um 
outro baseado na SFE, seguindo as tendências das futuras biorrefinarias. 
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abstract 
 
The pulp and paper industries are an important sector in the world economy, 
particularly those based on Eucalyptus species. However these industries 
generate substantial amounts of by-products and biomass side streams which 
may be exploited in added value applications, rather than being burned for 
energy production. A noble example could be the production of triterpenic acids 
with lupane, oleanane, and ursane skeletons, by adopting the concept of a 
biorefinery integrated into a pulp mill, since they are highly abundant in some of 
those residues, particularly in the bark. These compounds are known by their 
innumerous biological properties, e.g. antioxidant, anti-inflammatory or anti-
tumor, and can find valuable applications in products such as nutraceuticals, 
cosmetics or pharmaceuticals.  
In this sense, the study of the potentialities of the barks of the most exploited 
Eucalyptus species as sources of triterpenic compounds is an important issue. 
Accordingly, the analysis of the triterpenic acids (TTAs) composition of the 
outer barks of several Eucalyptus species (E. globulus, E. grandis, E. 
urograndis, E. maidenii and E. nitens) was carried and compared in detail. The 
contents of the main TTAs identified in these species varied between 4.5 g/kg 
in E. urograndis and 21.6 g/kg in E. nitens. It was observed that the outer barks 
from Eucalyptus of temperate and Mediterranean zones, namely E. nitens and 
E. globulus, are richer in TTAs than those species from sub-tropical and 
tropical regions. Furthermore, E. globulus outer bark is clearly the richest in 
ursane acids while E. nitens is the richest in oleanane and lupane acids. 
These results induced us to investigate the TTAs extraction from Eucalyptus 
bark and their further concentration and purification, which were accomplished 
by conventional solid-liquid extraction combined with solutes precipitation, and 
by supercritical fluid extraction (SFE). 
With respect to the first mentioned approach, a patented method for obtaining 
extracts enriched in TTAs from Eucalyptus barks based on readily available 
technologies was developed in this work.  
Concerning the second approach, in order to contribute for the low 
environmental impact processes required by future biorefineries, the SFE 
arises as a natural option. Hence, the SFE of E. globulus deciduous bark was 
performed with pure and modified carbon dioxide to recover the TTAs fraction, 
and the results were compared with those obtained by Soxhlet extraction with 
dichloromethane. The influence of pressure (100-200 bar), co-solvent content 
(0, 5 and 8 wt.% of ethanol), and multistep operation were preliminary studied 
in order to evaluate the applicability of the supercritical alternative for their 
selective and efficient production. Results pointed out the influence of pressure 
and the important role played by co-solvent, whose effect was more important 
than increasing pressure by several tens of bar. This work was further 
optimized using factorial design of experiments and the response surface  
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methodology to analyze the influence of temperature (40-60 ºC), pressure (100-
200 bar), and ethanol content (0.0-5.0 wt.%) upon TTAs recovery and 
concentration in extracts. In these intervals, the best operating conditions found 
were 200 bar, 40ºC and 5% ethanol, for which the statistically validated 
regression models provided an extraction yield of 1.2% and TTAs concentration 
of 50%, which correspond to TTAs yield of 5.1 g/kg of bark and a recovery of 
79.2% in comparison to the Soxhlet value. The trends of the free and 
acetylated TTAs were very different, due to their distinct CO2-philic character 
caused by dissimilar polarities: the acetyl derivatives approached a plateau 
near 200 bar and 5% ethanol, while the free TTAs extraction always increased 
in the range of the conditions studied. 
The cumulative curves of SFE of E. globulus bark were also measured in order 
to examine the kinetic behavior of this process in terms of total yield, TTAs 
yield, free TTAs yield, acetylated TTAs yield, and TTAs concentration in the 
extracts. The influence of pressure, temperature, co-solvent content, and 
carbon dioxide flow rate upon the previous responses was analyzed. The 
experimental curves were modeled with Logistic, Desorption, Simple Single 
Plate, and Diffusion models. In the whole, results confirmed that pressure and 
ethanol content imparted a significant effect upon extraction curves, final yields, 
and extracts concentrations, and showed that external limitations to mass 
transfer affected some runs. Once again, the individual families of free and 
acetylated TTAs exhibited distinct extraction trends. Modeling allowed us to 
confirm not only the major role played by intraparticle diffusion upon the SFE 
but also the contribution of film resistance in some assays. After analyzing all 
results, a two-step experiment in series has been performed, making possible 
to enrich the TTAs content in the extract due to the distinct conditions adopted 
in each stage. 
Finally, a highly abundant oleanane type triterpenic acid methyl ester – the 
methyl morolate – was identified for the first time as a component of Eucalyptus 
bark tissues in outer barks of Eucalyptus grandis x globulus. Its supercritical 
CO2 extraction was also carried out, aiming at designing an environmentally 
friendly extraction alternative for this compound. At 200 bar and 60 ºC, the 
methyl morolate removal attained a plateau at 6 h for 5.1 kg h
-1
 of CO2 / kg of 
bark. In the whole, and similarly to the SFE of E. globulus bark, the acetylated 
TTAs obtained were more significantly extracted when compared to their free 
acids, which is directly related with the less polar nature of the former 
molecules. 
The work presented in this thesis is a contribution for the upgrading of a low 
value biomass stream from the pulp industry from two complementary points of 
view. In one hand, it increased the knowledge of the lipophilic composition of 
the bark of Eucalyptus spp. with commercial interest for pulpwood, highlighting 
their potential as triterpenic acids sources. On the other hand, two alternative 
processes were developed for their exploitation from the bark, being easily 
integrated within a pulp mill: one based on well establish conventional 
technologies foreseeing its short term implementation, and another based on 
SFE, following the trends of future biorefineries. 
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Notation
List of abbreviations  
AARD Average absolute relative deviation 
ANOVA Analysis of variance 
ATTs Acetyl derivatives of triterpenic acids 
BSTFA
 
N,O-bis(trimethylsilyl)trifluoroacetamide 
COSY Correlation spectroscopy 
DEPT Distortionless enhancement by polarization transfer 
DFM Diffusion model 
DOE Design of experiments  
DSM Desorption model 
EtOH Ethanol 
FA Fatty acids 
FM Full model  
FTT  Free triterpenic  
GC-MS
 
Gas chromatography – Mass spectrometry 
GRAS  Generally regarded as safe 
IEA  International Energy Agency  
IS Internal standard 
HSQC Heteronuclear single quantum coherence 
HVLV High-value / low-volume  
LCAA
 
Long chain aliphatic alcohols 
LCF Lignocellulosic feedstock 
LM Logistic model 
LVHV Low-value / high-volume 
NREL National Renewable Energy Laboratory 
NMR Nuclear magnetic resonance 
RM Reduced experimental models 
RSM Response surface methodology 
SC-CO2 Supercritical CO2 
SD Standard deviation 
ii 
SFE Supercritical fluids extraction 
SSPM Simple Single Plate model 
ST Sterols 
TMS Trimethylsilyl 
TMSCl Trimethylchlorosilane  
TT Triterpenoids  
TTA Triterpenic acids 
 
 
Subscript  
bark Relative to Eucalyptus bark  
s Solid 
solv Supercritical solvent 
 
 
List of symbols 
b  Logistic model parameter 
mD  Solute diffusivity in the porous solid 
h  Height position 
H  Bed height 
dk
 
Desorption constant (parameter of Desorption model) 
fk
 
Convective mass transfer coefficient 
m
 
Mass 
P  Pressure 
Pc Critical pressure 
( )Fp
 
Probability value of a Fisher’s test 
Q
 
Mass flow rate 
R
 
Particle radius 
2R
 
Determination coefficient 
2
adjR
 
Adjusted determination coefficient 
Re Reynolds number 
iii 
Sc Schmidt number 
Sh Sherwood number 
T
 
Temperature 
cT  Critical temperature 
t  Time 
mt  Logistic model parameter 
u
 Intersticial or surface velocity 
kX
 
Coded value of independent variable kx  
0x  Initial solute concentration in the solid 
kx
 
Independent variable 
bulki,y  Solid concentration in the fluid 
Y  Total or TTAs extraction yield 
*
interface,iy  Solute solubility at the interface condition 
  
Greek letters 
0β
 
Constant of quadratic polynomial 
iβ
 
Linear coefficients of quadratic polynomial 
ijβ
 
Interaction coefficients of quadratic polynomial 
iiβ
 
Quadratic coefficients of quadratic polynomial 
ρ  Density 
ε  Porosity 
δ
 
Thickness of biomass particle; Chemical shift (NMR) 
∆   Variation 
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1 1. Motivation and structure of the thesis  
 
Presently, technologies based on the use of fossil fuels for energy and chemical 
production are still predominant. However, the dwindling of feedstocks, growing concerns 
about global climate change and pollution, and stricter emission laws are important drivers 
impelling the present politic and industrial thinking in the direction of new sustainability 
targets. This trend creates a huge demand for the development of agricultural and 
biomass processing systems. The efficient conversion of primary crops, crop residues and 
biomass wastes into a variety of products, including chemicals, energy, transportation 
fuels, and materials, will determine how realistic a biobased economy will be. This 
strategy will be accomplished with the development of biorefineries which, in order to be 
sustainable, have to adopt low environmental impact technologies, integrating that target 
into their design criterions. 
The pulp and paper industry, which controls and exploits large shares of renewable 
biomass resources, is clearly under strong pressure to respond to these challenges. 
However, considering their control over the forestry resources and their experience on 
handling large quantities of biomass, pulp and paper mills also have many opportunities 
connected to these challenges if they manage to answer in a successful way. These 
opportunities include not only traditional products, such as green electricity, wood based 
fuels, and  heating, but also a transformation of the pulp mill into a biorefinery with the 
production of green transportation fuels, new specialty chemicals and biomaterials, in 
addition to or, ultimately, in substitution of pulp and paper.  
The context described in the previous paragraphs is the starting point of this thesis.  
Currently, pulp and paper industry occupies a prominent position in the national 
economy. Given the importance of this sector and the relevance of upgrading some of its 
by-products and wastes, during the last few years our research group has been engaged 
on contributing with knowledge and solutions to this issue, particularly on adding value to 
Eucalyptus spp. bark, which is among the main low value / high volume by-products 
streams from this industry.  
About ten years ago, Freire et al. [1] studied for the first time the lipophilic composition 
of E. globulus bark, the most exploited Eucalyptus species in Portugal, in order to 
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establish a relationship between the composition of this extracts and the pitch deposits 
appearing in pulp, paper and pulping equipment. They have found that the external bark 
fraction of this Eucalyptus species is rich in triterpenoids, particularly in triterpenic acids 
with ursane, oleanane and lupane structures, namely, betulinic, betulonic, oleanolic, 
ursolic, 3-acetyloleanolic and 3-acetylursolic acids (Figure 1.1).  
 
 
Figure 1.1. Main triterpenic acids identified in E. globulus bark. 
 
Triterpenoids are an important group of biologically active natural compounds [2]. 
According to Connolly and Hill [3, 4], who have regularly reviewed the scientific literature 
dealing with triterpenoids characterization from natural resources since 1985, around 300 
new triterpenic molecules are identified annually. The large number of papers published 
during the last decade dedicated to these compounds also reflects the growing interest on 
the study of their properties. In this sense, considering that various triterpenoids are an 
increasingly promising group of plant metabolites, the identification and exploitation of 
potential sources of these compounds is a topic with obvious interest [5]. Parts of plants, 
for example birch bark, rosemary leaves (Rosmarinus officinalis), apple peel and mistletoe 
shoots (Viscum album), are rich in triterpenoids and are regarded as possible sources of 
different triterpenic compositions [5, 6]. 
Among the many triterpenoid structures known, pentacyclic triterpenoids with ursane 
oleanane and lupane-type structures are recognized as promising leading compounds for 
the development of new multi-targeting bioactive agents [2, 6-10]. 
According to the literature, oleanolic and ursolic acids possess a variety of biological 
activities. These acids have very low toxicity [11] and are known for their significant 
antimicrobial [12-14], antibacterial [15] antitumor [16], hepatoprotective [17], anti-
inflammatory [18], and cytotoxic [11, 19] activities, demonstrated antimutagenicity against 
doxorubicin-induced clastogenesis [20] and revealed anti-angiogenic properties [21, 22]. 
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Oleanolic acid also exhibits anti-allergic [8] and anti-HIV (human immunodeficiency virus) 
[23] activities. Oleanolic acid has already been successfully used as an orally 
administered drug to treat human liver diseases in China [11], and so it might be used for 
the treatment of infections caused by vancomycin-resistant Enterococcus species [15]. 
Recent findings strongly suggest that ursolic acid is a useful suppressive compound for 
rheumatoid arthritis treatment with low risk of gastric problems [24]. In fact, a composition 
comprising an Oldenlandia diffusa extract containing ursolic acid and oleanolic acid is 
used as food additive or supplement in the preparation of functional foods or health 
supplement foods used for the treatment of arthritis, inflammation, and pain [25]. Ursolic 
acid also has the anabolic potential to stimulate osteoblast differentiation and enhance 
new bone formation [26]. 
Betulinic acid has been shown to exhibit a variety of biological activities, including HIV 
inhibition [2, 27, 28], antibacterial [29] , antimalarial [30], anti-inflammatory [31], 
anthelmintic [32] and antioxidant properties [33]. The cytotoxicity study of betulinic acid 
against cells of more than 35 tumor types allowed to find that it is an effective inhibitor of 
growth of glioblastoma, medulloblstoma, melanoma, and some other cell lines [27]. 
Betulonic acid also showed some interesting activities: cytotoxic [34], antitumor 
(inhibitory effects on Epstein-Barr vírus) [35] and antioxidant [27]. 
Although some of these triterpenoids have shown moderate potency in preliminary 
screening as potential drugs, some of their derivatives evidenced promising enhanced 
performance in some clinical trials. For example, while betulinic acid exhibited a moderate 
anti-HIV activity, modification of betulinic acid furnished the clinical trial agent, bevirimat 
[36], which has passed phase II clinical trials as anti-HIV drug [37]. Another example is C-
28 methyl ester of 2-cyano-3,12-dioxoolen-1,9-dien-28-oic acid (CDDO-Me) [38], a 
promising anticancer candidate currently between phase I and phase II clinical trials [39], 
which was derived from oleanolic acid, a comparatively weaker antitumor compound. 
Apart from the triterpenic acids, E. globulus bark also contains significant amount of β-
sitosterol, a triterpenoid type phytosterol with recognized biological activity. It is kown to 
inhibit the absorption of intestinal cholesterol [40], and can be used in the treatment of 
tuberculosis [41] and disease caused by immunodeficiency [42]. It is also claimed to have 
antitumor [43], anti-inflammatory, antipyretic [44], antidiabetic and anti-ulcer [45] activities. 
In addition to the relevant bioactivity of triterpenoids cited above, the quite high market 
values of these compounds (either in pure form or in concentrated natural extracts) make 
their potential production also particularly attractive from the economical point of view. 
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Considering the huge amounts of bark obtained yearly by a pulp mill and the value of 
the previous triterpenoids, particularly the triterpenic acids, we identified here an 
enormous potential for their viable production. In fact, this concept also caught the interest 
of the national pulp industry, and during the last few years we have been developing it [46] 
in collaboration with Portucel Soporcel group through their research branch, Raiz – Forest 
and Paper Research Institute. 
Thus, as part of this integrated effort, the main target of this thesis is to accomplish 
experimental and theoretical studies for the development of a future extraction and 
purification unit of high value added triterpenic acids from E. globulus bark, integrated 
within an existent pulp mill. This would contribute for the overall biomass valorization and 
the implementation of the biorefinery concept in this industrial sector. Furthermore, green 
chemical technologies, such as supercritical fluid extraction (SFE), are also envisioned to 
fulfill the sustainability requirements of future biorefineries. 
The success of this approach will allow the synthesis of a process unit which, 
producing high value added products, will create an important revenue for national pulp 
and paper industry. Additionally, considering the remarkable growth observed in this 
sector during the last decade in market places such as, for example, the South American, 
particularly in the kraft pulping of Eucalyptus spp., the evaluation of the potential of 
biomass residues from the main Eucalyptus species used for pulpwood in these world 
regions is an issue of major importance. On the other hand, the implementation of the 
biorefinery concept in these mills, besides the direct economic impact, places them in the 
cutting edge of the predictable evolution of this sector, with obvious impact in their image 
and, consequently, their market value.  
Hence, in close collaboration with the pulp and paper industry, this thesis focused on 
the:          
- Assessment of the potential of the bark, from the main species of Eucalyptus used 
globally in this sector, for triterpenic acids exploitation; 
- Study and optimization of extraction processes of triterpenic acids from E. globulus 
bark based in conventional solid – liquid extraction and “green” technologies 
(SFE);  
- Development and optimization of processes for the fractionation of E. globulus 
bark extracts and purification of the most abundant triterpenic acids; 
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1.1 Dissertation layout 
The approach behind the development of this dissertation is sketched in Figure 1.2 
where the main parts of the thesis and their interactions are outlined. Some chapters are 
directly based on publications of the author, namely one patent and six international 
papers (one under revision). Whenever appropriate they are clearly identified. 
 
 
Figure 1.2. Illustrative scheme of the main sections of the present thesis. 
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After presenting in Chapter 1 the motivation and structure of the thesis, in Chapter 2 
the general contextualization of the issues addressed and the background principals of 
biorefineries are presented. The specific case of biorefinery concept implementation in 
pulp and paper industry is reviewed and the main potential opportunities for new products 
are pointed out, emphasizing the possible exploitation of extractives, particularly the 
triterpenic fraction of E. globulus. The SFE as separation method and its application on 
the extraction of triterpenic compounds from vegetable materials are also reviewed 
because it is a central issue of this work. 
Chapter 3 includes the study and comparison of the lipophilic fraction composition of 
the bark of four Eucalyptus species from Brazil and Portugal: E. urograndis, E. grandis, E. 
maidenii and E. nitens. Their potentialities as triterpenoids sources, particularly triterpenic 
acids, are outlined and discussed (Papers I and II). 
In Chapter 4 it is listed the text of patent PPP 106278 – “Method for obtaining an 
extract rich in triterpenic acids from Eucalyptus barks”.  It was developed in this work and 
presents one method for triterpenic acids extraction and purification using conventional 
technologies well established and accepted in industry. 
Chapter 5 is dedicated to the SFE of the lipophilic fraction of E. globulus bark. It 
includes preliminary studies using SC-CO2, with and without ethanol as modifier, and the 
study of multistep operation in order to evaluate the applicability of the technique for their 
selective and efficient production (Paper III). The Optimization of the SFE of triterpenic 
acids from E. globulus bark using experimental design was also carried out in order to 
analyze the influence of the operating variables (temperature, pressure and co-solvent 
amount) upon extraction (Paper IV). The measurement and modelling of SFE curves of E. 
globulus bark were also accomplished to evaluate the influence of the operating 
conditions upon yields and extraction kinetics. Furthermore, a stepwise extraction 
sequence for triterpenic acids enrichment was established on the basis of previous results 
and carried out experimentally (Paper V). Finally, the SC-CO2 extraction of the highly 
abundant methyl morolate in the bark of the hybrid Eucalyptus grandis x globulus has also 
been studied (Paper VI).  
A global overview of the main conclusions of the thesis is discussed in Chapter 6, 
along with some final remarks and suggestions of future work. 
In Appendix 1 it is presented a brief discussion of the mass spectra of the main 
families of compounds identified in Eucalyptus bark extracts obtained by GC-MS. This 
analysis is common to the various experimental chapters of the thesis. 
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2 2. Introduction  
 
During the XX century the world witnessed the exponential growth of the petrochemical 
industry. This growth changed radically the economic and social realities in the developed 
countries where the fossil resources have been used as source of energy, fuels and 
innumerous products of our current quotidian. 
The excessive dependence of modern societies on fossil resources is clearly evident, 
and should be assumed today as a problem of the present and not as a problem to face in 
the future [1]. In order to overcome and solve it, the society starded a gradual transition 
from a development paradigm based on non-renewable raw materials to a sustainable 
model based on renewable resources.  
To successfully accomplish this transition, the beginning of a new industrial revolution 
is happening. We start today thinking more “sustainable” and “green” [2]. While the XX 
century saw the emerging and maturing of an organic chemistry industry based on oil 
refining, the XXI century is seeing the birth and development of a new organic industry 
based on biomass refining [3]. This industry is the basis of the so-called bio-economy 
which may contribute with viable solutions for several systematic problems such as 
climate changes, persistent organic pollutants, municipal, industrial and agroforestry 
wastes, and the strengthening of agriculture and forest-based economies [2]. 
A sustainable development model based on biomass will promote three different 
sectors which are the pillars of the bio-economy: bioenergy, biofuels, and biomaterials and 
biochemicals [4].    
The production of energy from renewable resources is currently a fast growing reality, 
pushed by the fluctuating prices of fossil fuels [5], climate change concerns, and political 
drivers [6]. This is good example of the bio-economy development that is presently taking 
place. However, while the energy sector can rely on several renewable alternative 
sources (e.g. wind, sun, water or biomass), from the present perspective the sector of 
chemical products, materials and transportation fuels will mainly depend on biomass, 
particularly on that of vegetable origin [7].  
From the transportation fuels, chemicals and materials point of view, the success of 
this transition will depend on how far we will be able to gradually replace the current 
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production of goods from non-renewable fossil sources by the production from plant 
biomass. The numbers are potentially attractive considering that from the estimated 1.7 x 
1011 ton of biomass annually produced by photosynthesis, only about 6 x 109 ton are 
presently used and from these only 3% are dedicated to non-food purposes [7, 8]. The 
biggest challenge relies on the development of suitable technologies to make this 
transition viable.   
In order to guarantee the success of such evolution it is necessary to consider some 
aspects of major importance such as the appropriate selection of plant species, an 
increase in productivity with a rational use of soil, fertilizers, pesticides and water, and the 
use of genetically modified organisms, among others [9].   
Beyond the above mentioned concerns by the international community, one must 
reflect about the direct competition between fuels, chemicals or materials production and 
the food and feed production. It is necessary to understand how the pressure over this 
sector will reflect on the availability and prices of these products [9, 10]. Although 
relatively stable at present, the price of many commodity foods increased sharply a couple 
of years ago when agricultural food was diverted to fuel [11]. 
Furthermore, it is estimated that the world food production systems will need to satisfy 
the needs of more 750 million people by 2015 and this population growth will occur in a 
context where the urban population in developing countries will increase and the rural and 
agricultural communities will get older [10]. This is the scenario where the development of 
the bio-economy will be debated. 
Obviously, the progress of the different sectors of the bio-economy will not provide the 
sole solution for all the questions related with the fossil resources substitution, but they 
certainly can offer an enormous contribute for the fulfillment of this aim, particularly in the 
biobased chemicals and materials sector where it does not seem to exist other viable 
alternatives at the moment.  
With regard to the mass production of chemicals, it is presently difficult that products 
from biorefining can compete directly with similar products from petrochemical industry in 
the short term [12]. However, the growing appearance of bioproducts in the market 
indicates that their production may be viable. For example, chemical companies such as 
Dow Chemical Company, Huntsman Corporation, Cargill and Archer Daniels Midland 
Corporation, have recently begun to use glycerol, a by-product of the synthesis of 
biodiesel from biomass feedstocks, as a low-cost building block material for conversion to 
higher value propylene glycol [13]. Furthermore, Dow Chemical Company and Solvay are 
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exploiting glycerol in the production of epichlorohydrin, which can be used in the 
manufacture of epoxy resins and epichlorohydrin elastomers [14]. Other examples are the 
biobased polymers IngeoTM from Natureworks, Sorona® from DuPont, Mater-Bi® from 
Novamont or MirelTM and Mvera™ from Metabolix, which are marketed with similar 
products from petrochemical industry. 
The relevance and urgency of the issues related to biorefinery are well reflected in 
research and development programs and policies promoted at a global scale during the 
last decade (e.g. Biomass Program [15]and Biomass Research and Development 
Initiative [16] in the USA and the European technological platforms Sustainable Chemistry 
and Forest Based Sector Technology Platform [17]), involving academic institutions, 
research centers and industries.  
Among the activities related with forest exploitation, pulp and paper industry is one of 
the most important sectors in the world. Although biorefineries were invented parallel in 
time to petro-refineries about 150 years ago [7], only the sharply increased interest in 
biomass conversion to chemicals and materials observed during the last ten years caught 
the attention for the exploitation and up-grading of the by-products and biomass wastes 
resulting from their operations. Such emerging interest is patent in projects developed at 
European level that have Identified this topic as one of the key research areas, such as 
Star-COLIBRI, Strategic Research Roadmap to 2020 [18], focused on surveying the 
different industrial realities underpinning biorefining technologies, analyzing the key 
drivers, opportunities and challenges which will determine how biorefineries can contribute 
to the development of a biobased economy by 2030. Owing to their control over the wood 
resources and their experience of handling large quantities of biomass, pulp and paper 
mills have many opportunities connected to these changes if they manage to respond in a 
successful way. These opportunities include not only traditional products such as green 
electricity, wood fuels, and heating, but also a transformation of the pulp mill into a forest 
biorefinery with the production of green transportation fuels, new specialty chemicals and 
biomaterials, in addition to, or ultimately, in substitution of pulp and paper [9]. 
Portugal, being a country of forest vocation where forest and agro-food industries play 
an important role in the national economy, particularly the pulp and paper sector which is 
mainly centered on E. globulus exploitation, is well positioned from this point of view. 
The relevance of this concept is not limited to a regional application. The pulp and 
paper sector has a worldwide importance, particularly the one base on Eucalyptus spp. 
exploitation (mainly E. grandis, E. urograndis and E. nitens) which has observed a fast 
growth during the last decade, mostly in South America. For instance, in the period 2005-
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2011, the total area planted with Eucalyptus in Brazil observed an accumulated growth of 
27.9%, reaching 4.9 x 106 ha in 2011 [19].     
The following section intends to describe and point out opportunities of the biorefinery 
concept implementation in this industrial sector, focusing on the potential of exploiting its 
by-products and, particularly, forest residues. 
 
2.1 Biorefinery concept 
The term biorefinery was initially established by NREL during the 1990’s in response to 
some industry trends [20]. Among them was an increased awareness in industry for the 
need to use biomass resources in a more rational way, both economically and 
environmentally, a growing interest in upgrading more low-quality lignocellulosic biomass 
to valuable products, and also a perceived need to develop more high-value products and, 
in some cases, utilize an excess of biomass (especially in the pulp and paper industry). 
According to the International Energy Agency (IEA) Bioenergy Task 42, “Biorefining is 
the sustainable processing of biomass into a spectrum of marketable biobased products 
(chemicals and materials, but also human food and animal feed) and bioenergy (fuels, 
power and/or heat)” [21]. Generically, this means that the biorefinery concept points to an 
approach similar to petrochemical refinery (Figure 2.1): the different components of the 
most diverse and complex forms of biomass are fractionated, purified and/or thermally, 
chemically or biochemically processed into chemicals, materials or energy, in a rational 
and integrated way according to a products mix target of high-value/low-volume (HVLV) 
and low-value/high-volume (LVHV) [4, 7-9, 22].  
These biorefining industries are designed to maximize the production of higher added 
value products while minimizing wastes through their conversion into energy and fuel [22]. 
The prudent management and use of materials, products and wastes are recommended, 
making biorefinery a clear example of industrial symbiosis: sharing resources and by-
products (wastes) within nearby industries creating a network of activities. This type of 
networking activities is often regarded as a factor that brings environmental and economic 
benefits and may include mechanisms to improve the sustainability of the industry [24]. By 
producing multiple products and integrating waste treatment, biorefineries maximize the 
yield from the raw materials and convert the biomass processing into real opportunities 
[25]. 
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Figure 2.1. Basic scheme of the biorefinery concept in comparison to petroleum refining: from 
biomass to valuable products via low-environmental-impact valorization practices (adapted from 
[23]). 
  
These biorefining industries are designed to maximize the production of higher added 
value products while minimizing wastes through their conversion into energy and fuel [22]. 
The prudent management and use of materials, products and wastes are recommended, 
making biorefinery a clear example of industrial symbiosis: sharing resources and by-
products (wastes) within nearby industries creating a network of activities. This type of 
networking activities is often regarded as a factor that brings environmental and economic 
benefits and may include mechanisms to improve the sustainability of the industry [24]. By 
producing multiple products and integrating waste treatment, biorefineries maximize the 
yield from the raw materials and convert the biomass processing into real opportunities 
[25]. 
The biorefineries can be classified according to several criteria based on their 
processing technologies, the raw materials used, and level of technological development 
[7, 8, 22, 26]. Therefore, given the vast number of variables to consider, they may exhibit 
several possible configurations [27]. A simple overview and classification of biorefineries 
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was developed by Kamm et al. [7, 8] who subdivided them into three types, based on their 
complexity of design: Phase I, Phase II and Phase III.  
Phase I biorefineries are integrated facilities with fixed processing capabilities limited to 
a single feedstock that is converted into a single major product. Examples of such 
biorefineries are existing rapeseed biodiesel plants, dry mill ethanol plants or pulp and 
paper mills. In these projects, all effort is given to purify a single component of the 
feedstock, whereas the residues are complex and mixed (like the black liquor from pulp 
and paper industry). These residuals are marketed as low grade products with no or only 
limited further processing. Such biorefineries are all well established in full scale, and are 
the precursors of Phase II biorefineries.  
The more advanced Phase II biorefineries possess the capability to produce various 
end products from a single feedstock as well as far more processing flexibility depending 
on products demand, prices, and contract obligation. Examples are biorefineries utilizing 
cereal grains as single feedstock (e.g. wet-corn mills, wet-wheat mills) that can generate 
multiple products, ranging from polymers to amino acids or biofuels.
The more developed Phase III biorefineries combine in the same plant different 
conversion technologies to maximize levels of flexibility with regard to raw materials, 
products, and energy and fuel generated. When multiple conversion technologies, such as 
chemical/biochemical and thermochemical processes, are combined in the same plant, 
the biorefineries are also called integrated biorefineries [22]. The Phase III biorefineries, 
which includes the green, whole-crop and lignocellulosic feedstock (LCF) biorefineries, 
are still under study and development, not being fully established [22, 28]. The whole-crop 
biorefineries encompasses an array of transformations of feedstocks (e.g., cereals, corn, 
rape) as well as the better-known and applied green biorefineries that make use of nature-
wet biomass such as green grass, alfalfa, clover, and/or immature cereals for obtaining 
multiple products.  
In a LCF biorefinery (Figure 2.2), lignocellulosic biomass (e.g., wood, wheat straw, corn 
stover) is initially processed to obtain three fractions (cellulose, hemicelluloses and lignin) 
by chemical or enzymatic pretreatment [25, 29]. After that, the biomass components are 
subjected to a combination of biological and/or chemical treatments. The outputs from this 
step (specialty chemicals or reducing sugars) could be further converted to chemical 
building blocks for further processing uses, which have been outlined by the US 
Department of Energy [28]. Additionally, the conversion to specialty polymers ready for 
market use, to a fuel or energy source, or their use in composite materials are possible 
processing options.  

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Figure 2.2. Conceptual schematic of lignocellulosic feedstock (LCF) biorefinery (adapted from 
[30]). 
 
The previous classification by Kamm et al. [7, 8] oversimplifies the highly complex 
biorefinery concept. A more comprehensive classification was proposed by Cherubini et 
al. in 2009 [26], which relied on four main features: the platforms involved, the final 
products formed in the biorefinery, the biomass resource(s) used, and finally the principal 
processes. Further discussion on this topic is out of the scope of this thesis but can be 
found in the literature cited. 
It would be unrealistic to state that all configurations can or will be sustainable from the 
financial, economic and environmental points of view. The challenge is to determine in 
which context and which ones will be viable [27]. 
As will be discussed in the following section, in a first stage, LCF biorefineries can be 
developed based on existing pulp mill infrastructures, avoiding the initial intensive capital 
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investments, focusing on the exploitation of wastes resulting from the pulping processes 
(extractives, lignin and hemiceluoses) without interfering with its main large scale 
production output [31]. Simultaneously, existing pulping processes can be optimized for 
better integration with by-products exploitation and, ultimately, to obtain pulps sorted for 
applications other than paper. 
 
2.1.1 Biorefinery concept in pulp and paper industry 
Lignocellulosic feedstock (LCF) biorefineries are currently gaining momentum, and are 
expected to expand the range and volume of bioproducts on the market as well as to 
improve the economics of biorefinery plants in general, while optimizing their energy and 
environmental performance to enhance the cost competitiveness of their products [23]. 
However, one of the main obstacles to the goal of producing chemicals from biomass 
in plants exclusively designed for this purpose is, obviously, the intensive capital 
investment required initially. This constraint could be mitigated by applying the concept of 
LCF biorefinery based on a model of biorefinery integrated in pulp and paper mills [9, 31-
33]. One of the competitive advantages of this industry resides in the fact that they 
possess infrastructures which can be immediately adapted, in a first phase, to the 
production of by-products without affecting their primary business line, the production of 
cellulose pulp [31]. Another relevant aspect in favor of this industry is its track record of 
effectiveness in forestry management, transporting and handling large quantities of 
biomass and in the separation of its components [34].  
The U.S. project Agenda 2020 [34] from the American Forest & Paper Association 
proposed in 2006 (and reviewed in 2010) a possible approach to the integration of LCF 
biorefinery in the pulp and paper industry (Figure 2.3) and defined three priority research 
areas for its development: (i) ensure a sustainable forests productivity, (ii) extract value 
from wood prior to pulping, and (iii) create new value chains from wastes and spent 
pulping liquors. 
Generally, plant biomass is mainly composed of cellulose, hemicellulose, lignin, 
followed by smaller amounts of proteins, oils, waxes, and other minor substances such as 
vitamins, pigments and aromatic essences, which have very different chemical structures 
[7]. Concerning the wood composition, cellulose is its major component, accounting for 
about 40 to 50% of its dry weight [35], which means it will certainly have a great relevance 
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Figure 2.3. Integration of biorefinery concept in a pulp and paper mill. Dashed lines represent 
alternative routes in a Kraft production process (adapted from [34]).
 
in the future of LCF biorefineries. However, in a first stage, it will be not a target in 
implementing the concept of integrated biorefinery because that would interfere with pulp 
industry main line of business.  
As stated before, in the short term, the implementation of LCF biorefinery concept 
within existent pulp mills will be instead focused on its side streams exploitation. In fact, in 
parallel with pulp production, a kraft pulp mill originates considerable amounts of by-
products (Figure 2.3) such as lignin, hemicelluloses, extractives and biomass residues (as 
bark or wood knots) mostly used as fuel to produce energy [36]. The interest in these by-
products has received renewed attention, both in their recovery and isolation as end 
products, and in their subsequent chemical processing for further applications [4, 31]. 
The hemicelluloses content in softwoods is in the range of 25 to 30%, whereas 
hardwoods have typical values between 20 to 35%  [35]. Hemicelluloses can be pre-
extracted from the wood chips prior to pulping or from the spent pulping liquors (Figure 
2.3) [37]. Depending on its nature, they can find a wide range of applications, from 
materials (e.g. films for food packaging applications [38]) to the production of biofuels (e.g. 
ethanol) or chemicals (e.g. mannitol, xylitol or furfural) [22, 31]. 
On the other hand, lignin offers a huge opportunity for the operational development of 
LCF biorefineries. Representing 26 to 32% of softwood and 20 to 28% of hardwood [39], 
lignin is the second most abundant component of plant biomass and its aromatic structure 
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suggests that it may play an important role as a source of new chemical products, 
particularly in the macromolecular materials and the aromatic chemicals [40], leading to a 
broad family of value added by-products. Through its thermochemical conversion it is 
possible to obtain fuels and/or energy [41-43]. As a macromolecular material, lignin can 
find applications in the production of adhesives, as an additive for cements or serving as a 
precursor for low molecular weight aromatic compounds such as vanillin [3, 44]. 
The extractives content of softwood and hardwood from temperate regions is from 
about 0.4 to 4.7%, although it can achieve much higher values in some tropical 
hardwoods and softwoods [45]. Considering that the composition of lipophilic extractives 
from wood varies significantly among species and also among the different parts of the 
same tree  [45, 46], the type of compounds which can be exploited depends on the 
species used for pulp production. Examples of valuable extractives that can be recovered 
in these industries are the known turpentine [47] and rosin [48] fractions, phytosterols [49] 
and lignans from the wood knots [50-53]. For example, the knots of Norwegian spruce 
wood (Picea abies) are extremely rich in lignans (6-24%), of which the most abundant is 
hydroxymatairesinol (Figure 2.4) [51]. This compound has significant anti-carcinogenic 
and antitumor [12, 54] activities and has been used in various applications such as 
pharmaceutical preparations [54], dietary supplement marketed under the name 
HMRlignanTM [55], and in cosmetic and dermatological preparations [56]. Other examples 
are the phytosterols, in particular β-sitosterol (Figure 2.5), and fatty acids recovery from 
the black liquor of the birch wood (Betula pendula) kraft pulping [57, 58]. These 
compounds can also be obtained from the so-called tall oil, a by-product of the pine wood 
(Pinus spp.) kraft pulping [59]. Those phytosterols are known to inhibit the absorption of 
dietary cholesterol and its endogenous production [60, 61]. They are also used as 
precursors for the production of sterol esters so that they can be incorporated into fatty 
foods [62]. An example of its application is in the portfolio of food products from brand 
Benecol® containing functional sterol esters, in the market since 1999 [60]. 
 
Figure 2.4. Hydroxymatairesinol structure [51]. 
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Figure 2.5. β-sitosterol (a) and β-sitostanol (b) structure. 
 
The tall oil itself and its derivatives are also widely used in several industrial 
applications (e.g. plasticizer, adhesives, asphalt products, liquid soaps, emulsifiers in the 
manufacture of synthetic rubber, paper sizing, etc.) [63-66]. Furthermore, in the past few 
years tall oil (30–50% of fatty acids) started to be regarded as an attractive feedstock for 
the manufacture of alternative biofuel [67]. In fact, the Finnish company UPM announced 
the investment in a biorefinery for biofuels production from crude tall oil in Lappeenranta, 
Finland. This mill is supposed to be operational in 2014 and produce annually 
approximately 100 000 ton of advanced biodiesel. This industrial scale investment is the 
first of its kind globally. 
Turpentine is another by-product from kraft pulping of Pinus spp. wood. Depending on 
the type of pine tree, its geographical location, and the harvesting season, generally, its 
major components are a few hydrocarbon monoterpenes, namely α-pinene (45-97%) and 
β-pinene (0.5-27%) [68]. Currently, the major application of turpentine is as raw material 
for the chemical industry. Terpenes and other compounds extracted from turpentine can 
be used for a wide range of aplications such as the production of sintetic pine oil, flavors 
and fragrances, paints or ploymers [68]. 
 
2.1.2 Perpectives of the exploitation of E. globulus extractives in the pulp industry  
E. globulus is the most used species by the pulp and paper industry in Iberian 
Peninsula. The importance it assumed in the past decades has promoted a growing 
interest in the study of their characteristics, particularly those related with its wood pulping 
performance and pulp properties. Among the characteristics studied, the content and 
composition of the extractives fraction received particular attention [69-75]. In the 
following, it is presented a short overview of the work published on the topic, specifically 
about wood, bark and other harvesting residues of E. globulus. Furthermore, it is also 
discussed possible perspectives for the integration of triterpenoids exploitation from E. 
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globulus biomass in pulp mills, particularly from bark, and identified alternative 
technologies for this purpose. 
 
Lipophilic extractives from wood  
The lipophilic extractives of E. globulus wood are mainly composed of phytosterols and 
fatty acids, followed by minor amounts of long chain aliphatic alcohols and aromatic 
compounds [69, 75]. Generally, significant portions of these substances are found in 
esterified form [69]. The most abundant compounds detected in these extracts are β-
sitosterol and palmitic acid (350 and 75 mg/kg of dry wood, after hydrolysis, respectively) 
[69].  
 
Extractives from bark 
The debarking process is not completely efficient, thus small amounts of bark 
accompanies the wood chips into pulping. In order to globally understand how the 
lipophilic extractives behave during wood pulping and pulp bleaching, and the phenomena 
associated with pitch deposition [70, 71, 73, 74], the lipophilic extractives from E. globulus 
bark were also studied [72, 75]. It was observed that the bark contains quite high levels of 
lipophilic extractives, particularly the outer bark, extremely rich in triterpenic acids with 
ursane, oleanane and lupane-type structures, namely betulinic, betulonic, oleanolic, 
ursolic, 3-acetyloleanolic and 3-acetylursolic acids, and β-sitosterol (Figure 2.6), while the 
major components of inner bark are β-sitosterol and β-amyrin together with palmitic, oleic 
and linoleic acids [72].  
Particularly interesting from a possible exploitation point of view is that such fraction of 
triterpenoids can represent up to 25 g/kg of the outer bark [72] (Figure 2.7), and are highly 
concentrated in its surface layer (32.2 g/kg, see Figure 2.8) [76]. These are considerable 
high values when compared to other biomass of E. globulus studied, such as inner bark 
and wood.  
The phenolic fraction of Eucalyptus spp. bark has also been attracting interest, mostly 
due to the wide variety of well known properties of these compounds, including 
antioxidant, anti-inflammatory, antithrombotic, among others [77]. For example, Santos et 
al. [78] have recently reported a detailed study on the phenolic composition of E. globulus 
bark identifying 29 phenolic molecules. Digalloylglucose was identified as the major 
mmmm 
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Figure 2.6. Structure of the main triterpenoids identified in E. globulus bark.  
 
 
Figure 2.7. Major families of compounds (FA – Fatty Acids, LCAA–Long Chain Aliphatic Alcohols, 
TT – Triterpenoids and ST –Sterols) identified in the dichloromethane extract of E. globulus outer 
bark, before ( ) and after ( ) alkaline hydrolysis [72]. 
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Figure 2.8. ( ) Triterpenoids content, ( ) other (non triterpenic) compounds content and ( ) total 
compounds quantified in: a) waxes from juvenile (JLv) leaves, adult (ALv) leaves and fruits (Fr); 
dichloromethane extracts of bark from the trunk (TBr) and peeling bark (PBr); b) surface layers 
from trunk bark (SLTBr) and branches bark (SLBBr) of E. globulus (expressed in g/kg of dry 
biomass) (adapted from [76]). 
 
compound in the methanol and methanol/water extracts, followed by isorhamnetin-
rhamnoside in the methanol extract and by catechin in the methanol/water extract, 
whereas in the water extract catechin and galloyl-hexahydroxydiphenoyl-glucose were 
identified as the predominant components.  
 
Extractives from other harvesting residues 
The potential of the main wastes resulting from E. globulus harvesting and logging 
operations (branches, peeling bark, bark, leaves and fruits) as sources of triterpenoids has 
also been evaluated [76]. These biomass residues, mainly from trees tops, show high 
contents of triterpenoids (between 1.2 to 9.2 g/kg) (Figure 2.8), particularly triterpenic 
acids with ursane and oleanane skeletons. Furthermore, it was found that these 
compounds are highly concentrated in surface layers of E. globulus biomass, mostly in 
those from the branches bark (121.2 g/kg) [76]. 
The leaves and fruit, in addition to the essential oils [79] and triterpenoids [76], also 
contain epicuticular waxes rich in flavonoids (Figure 2.9) [80-83] which can be easily 
extracted. 
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Figure 2.9. Structure of two flavonoids identified in E. globulus leaves which exhibit antimicrobial 
activity [83].   
 
Triterpenoids exploitation integrated in pulp mills 
Concerning wood biomass, the extraction of β-sitosterol may have some interest, 
especially if integrated with other wood exploitation systems as the pre-extraction of 
hemicellulose before pulping [33], or the black liquors fractionation for lignin, 
hemicellulose and phenolic compounds isolation. 
With respect to the exploitation of bark extractives, it seems more promising, 
particularly if one takes into account that the E. globulus bark is currently used to feed the 
biomass boiler for energy production. Accordingly, this option can be an important 
contribution to enlarge the concept “from waste to value” for pulp and paper mills. Based 
on the values observed by Freire et al. [72], a kraft pulp mill with an annual capacity of 
500 000 ton of bleached pulp can originate about 100 000 ton of bark (internal + external), 
corresponding to a yearly potential of over 500 ton of triterpenoids, including 
approximately 240 ton of ursolic acid, 80 tons of oleanolic acid, 53 tons of betulinic acid, 
50 ton of betulonic acid, and 75 ton of β-sitosterol, among others (estimated assuming an 
outer/inner bark mass ratio of about 1:8 [72, 84]). Considering that these triterpenic 
compounds have high commercial value and show interesting pharmacological properties 
[85-89], with possible applications in medicines [90-92], cosmetics or as food additives 
[60, 93, 94], its exploitation may therefore represent an important contribution to the 
upgrading  of E. globulus biomass value. 
The potential combination of triterpenoids extraction processes from the bark with 
the wood debarking unit, can open broader perspectives towards other forest residues of 
E. globulus such as leaves, fruits and branches (that also feed the biomass boiler), 
without affecting to existent energy production outputs. This approach would contribute to 
optimize the use of forest resources processed by the pulp sector. However, at an 
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industrial level, the exploitation of triterpenoids from E. globulus harvesting residues, 
according to information from the industry, evidences economic and logistical constraints 
[76]. These limitations are mainly related to the separation of E. globulus residues from 
the remaining forest biomass that feeds the biomass boiler in the plant. Thus, in a first 
stage, bark seems to be the most advantageous feedstock for the development of a 
triterpenoids exploitation process integrated in a pulp mill. 
 
Integration of triterpenoids extraction in a debarking unit 
The composition of the bark along the wood debarking process of a pulp mill has been 
studied in order to evaluate the viability of triterpenoids extraction from bark collected at 
different points. The results revealed that the debarking process assume particular 
relevance regarding the removal of the surface layer of the bark, rich in triterpenoids [76]. 
Consequently, processed bark has low contents of these compounds and therefore their 
exploitation from this material is not recommended. 
Accordingly, systems must be developed for separating the surface layer of the bark 
before the roundwood enters the debarking line. This approach has the advantage of 
reducing the volume of raw material to extract and thereby the volume of solvents and the 
capacity of the extraction unit to install. 
 
Processes for biomass extraction 
The extraction of triterpenic components from biomass residues can be accomplished 
by solid-liquid extraction with organic solvents of suitable polarity [72, 76]. The necessary 
technology for this types of processes is readily available, and is well established and 
regulated at industrial level [95]. These technologies are presently used in several large 
scale applications such as, for example, the extraction of edible oils from vegetable 
materials. However, it is important for future biorefineries to consider alternative extraction 
technologies that are simultaneously effective, non-toxic and environmentaly friendly [23, 
96], using, for example, supercritical CO2 and innocuous co-solvents. 
Depending on the solvent and extraction conditions established, the extracts from bark 
and biomass residues of eucalypt are always a mixture of several triterpenoids and other 
components, predominantly of aliphatic nature [72, 76]. The applicability and exploitation 
potential and, therefore, the economic value of these extracts will depend on their purity. 
The information available in the literature for the separation of such molecules is abundant 



27 
but dispersed and not specific. Moreover, the approaches reported are often difficult to 
implement at industrial scale. In this context, it is important to develop clean technologies 
with potential at large-scale for the extraction, fractionation and purification of the major 
triterpenoids from E. globulus. 
 
2.2 Application of supercritical CO2 extraction to biorefinery 
The supercritical fluid extraction (SFE) is being increasingly recognized as a suitable 
technological solution for the extraction and purification of a variety of compounds, 
particularly those with low volatility and/or susceptible to thermal degradation [97, 98]. The 
interest in SFE has grown with the imposition of legal restrictions on the use of 
conventional solvents in the preparation of extracts for pharmaceutical and food purposes 
[97-101]. 
The extraction is actually the most common application of supercritical fluids [102]. A 
SFE unit is generally composed of three main sections: the solvent pumping, the 
extraction zone, and the decompression and collection of extract. 
A simplified flow diagram of a SFE unit is shown in Figure 2.10. Basically, the raw 
material is charged in the extraction vessel equipped with temperature controllers and 
valves at both ends to keep the desired extraction conditions. The vessel is pressurized 
with the fluid by means of pumps, which are also needed for the circulation of the fluid 
through the system. The supercritical solvent with solubilized components is transferred 
from the vessel to the separator(s), where the solvating power of the fluid is reduced by 
increasing the temperature or, more likely, decreasing the pressure of the system. The 
product is then collected via the valve(s) located at the bottom of the separator(s). 
 
Figure 2.10. Typical SFE scheme for the extraction of plant matrix (adapted from [103]). 



28 
Carbon dioxide (Pc = 72,8 bar; Tc = 304,1 K) is the most commonly used solvent for 
SFE due to practical advantages such as: being nontoxic and nonflammable, 
environmentaly safe, huge availability, low cost at high purity, and suitability for extracting 
heat labile, natural compounds with low volatility and polarity [100]. When the extract is 
recovered in the separators, the CO2 is easily separated by density difference because it 
is in the gaseous state. The properties of supercritical CO2 (SC-CO2) (high diffusivity of 
the dissolved solutes, low viscosity and low surface tension compared with conventional 
solvents) improve mass transfer, facilitate penetration into solid matrices, and enable 
operations with low environmental impact [98]. Furthermore, extracts from supercritical 
treatments with CO2 can be regarded as all natural, and the products have the GRAS 
(generally regarded as safe) status [97]. 
The properties of supercritical fluids varies significantly by manipulating the operating 
conditions (temperature and pressure) [97]. However, SC-CO2 has a low dielectric 
constant, which suggests poor solvating power [98], limiting its range of application in SFE 
processes. Many nutraceutical components, such as phenolic compounds and glycosides, 
are poorly soluble in CO2 and therefore hardly extractable. The extraction of these 
compounds requires the addition of organic modifiers (co-solvents) that increase the 
polarity of CO2 [97]. The presence of modifiers is claimed to increase the interaction of 
solutes with the solvent by allowing specific chemical interactions (for example, hydrogen 
bonding) and possibly by altering the structure of the vegetal matrix (causing swelling, 
structural changes), and/or by breaking polar interactions of the solute and the matrix 
[104]. 
The extraction of essential oils, fragrances, antioxidants and nonpolar products from 
vegetable materials based on SC-CO2 has been regularly reviewed [97, 100, 101, 105-
107]. Since the 1980s, numerous industrial applications for supercritical fluids were 
explored, including extraction techniques. The most commercially exploited application is 
indubitably the decaffeination of coffee and tea [108], representing an annual production 
of 105 ton. Currently, SFE is widely used in various industrial applications, including 
extraction of essential oils and nutraceutical components of plant materials [109, 110]. 
The possible exploitation of triterpenoids from the biomass of E. globulus should also 
consider in the future the use of clean and environmentally sustainable technologies. 
Furthermore, their potential markets as cosmetics, food supplements, and 
pharmaceuticals restrict the use of conventional solvents in the manipulation of their 
products. Actually, in the European Union (EU), to be classified as natural (a powerful 
financial benefit for applications in areas such as cosmetics), only water, carbon dioxide, 
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and (bio)ethanol can be used as solvents in the processing of natural products, although 
interest is increasing in the use of other green solvents like ionic liquids [111].  
In this sense, the SC-CO2 extraction of triterpenoids from E. globulus biomass at 
industrial level can be an important contribution for the success of the biorefinery concept, 
thus necessary attention must be paid to the study of its viability. Indeed, this technology 
has been successfully employed in the extraction of wheat straw waxes in a pilot scale 
biorefinery [112]. This is a good practical example of a biorefinery for the exploitation of a 
HVLV by-product from agro-food industry, using clean and efficient technologies and 
producing several value-added products. 
 
2.2.1 SC-CO2 extraction of triterpenoids and phytosterols from vegetable materials
The extraction of triterpenoids and phytosterols from plants with SC-CO2 was described in 
several studies [101, 107]. The pressure and temperature employed varies generally over 
the ranges of 100–500 bar and 40–80 ºC, respectively. 
Tarvainen et al. [113] reported the extraction of triterpenic acids, particularly ursolic and 
oleanolic acids, with SC-CO2 from the seeds of Plantago major L. and shown yields 
equivalent to those provided by Soxhlet with ethyl ether. Triterpenes and sterols (friedlein, 
betulin, betulinic acid, β-sitosterol and sitost-4-en-3-one) were extracted with SC-CO2 from 
cork (Quercus suber L.) with improved efficiency compared to dichloromethane extraction 
[114]. Betulin was obtained by SFE from bark of Betula platyphylla by Zhang et al. [115]. 
The authors investigated parameters like modifier (ethanol) content, extraction pressure 
and temperature, observing that the optimum betulin recovery was achieved when the 
modifier was used. Anikó Felföldi-Gáva studied the SC-CO2 of Alnus glutinosa (L.) Gaertn 
[116]. A total of 11 pentacyclic triterpenes (including betulin, betulinic acid and lupeol) and 
β-sitosterol were identified. The results indicated that SFE is an advantageous method 
over Soxhlet extraction with n-hexane in terms of yield and recovery of target compounds. 
In the range of conditions studied, pressure had little influence on yield, while temperature 
and co-solvent amount increased it. The effect of different SFE conditions on triterpene 
content and other components of chaste berry fruit (Vitex Agnus castus) and dandelion 
leaves (Taraxacum officinale Weber et Wiggers) were evaluated by Cossuta et al. [117]. 
The extraction yield and the recovery of β-sitosterol and β-amyrin were similar to those 
obtained by Soxhlet extraction and it was revealed that rather pressure than temperature 
had significant effect on recovery. Some authors investigated the SFE of triterpenoids of 
marigold (Calendula officinalis). Hamburger et al. [118] applied it on the purification of 
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faradiol esters, and approximately 85% of them were recovered. Campos et al. [119] 
investigated the SFE of marigold oleoresin and, according to their results, pressure had a 
positive effect on the yield at constant temperature due to the increase of solvent density. 
The SFE technology has also been used to extract β-sitosterol from various oilseeds and 
other natural matrices. Recovery of phytosterol from roselle seeds (Hibiscus sabdariffa L.) 
via supercritical carbon dioxide extraction modified with ethanol was studied [120]. 
Pressure was determined to be the variable with the highest influence on phytosterol 
composition. Several phytosterols and fatty acids were also extracted with SC-CO2 from 
okara (residue from soy milk processing) [121] and grain straws [122, 123].  
These studies are examples indicating that the extraction of these groups of compounds 
from the E. globulus biomass residues is not only technically feasible but also opens the 
perspective towards the possible manipulation of operating conditions for extracts 
purification and fractionation. 
 
2.2.2 SC-CO2extraction of Eucalyptus spp. biomass
The application of SC-CO2 extraction to the biomass of Eucalyptus genus has been 
referred for: essential oil isolation from the leaves of E. globulus [124], E. cinerea [125], E. 
loxophleba [126], E. spathulata and E. microtheca [127]; extracts with antioxidant activity 
from leaves of E. camaldulensis [128]; and lipophilic extractives of E. globulus wood [99]. 
Recently, a few studies, mostly from our research group, focused the SFE of Eucalyptus 
spp. bark [129-134]. Some of them were published under the scope of this thesis. 
The removal of phenolic compounds from E. globulus bark, using pure and modified 
CO2 (with water, ethyl acetate and ethanol), was carried out by Santos et al. [132]. The 
results revealed that the CO2/EtOH solvent mixture was more efficient in eriodictyol and 
naringenin (flavanones), and isorhamentin (O-methylated flavonol) extraction than the 
conventional solid/liquid extraction with methanol/water and ethanol/water mixtures. A 
steroidal lactone of the withanolide A series with interesting antioxidant activity has also 
been isolated from the supercritical fluid extract of E. globulus bark [133]. 
Regarding the lipophilic fraction of E. globulus bark the author firstly addressed this 
issue a few years ago, under the scope of his MSc thesis, carrying out some preliminary 
studies on the outer bark extraction with SC-CO2 [135]. In this approach extractions at 
several pressures (180 and 200 bar) and fixed temperature (40 ºC) were tested. The 
results showed extraction yields in the order of 0.8%, well below the 3-4% of this bark 
fraction obtained by Soxhlet with dichloromethane [72]. The most abundant components 
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in the extracts were triterpenoids, particularly 3-acetylursolic and 3-acetyloleanolic acids, 
β-amyrin and β-sitosterol, followed by fatty acids and minor amounts of fatty alcohols 
[135]. Regarding the composition of the triterpenic fraction, low contents or even absence 
of ursolic and oleanolic acids were registered, while these were the most abundant in the 
dichloromethane extracts of E. globulus outer bark [72]. Given the low solubility of polar 
compounds in the SC-CO2 [99, 110, 136], the higher polarity of ursolic and oleanolic acids 
compared to their acetylated derivatives was pointed as a possible explanation for this 
behavior. However, it was demonstrated that, although it was possible to extract some of 
the triterpenic compounds present in the outer bark, this study would need to be continued 
in order to optimize the pressure and temperature conditions that maximize the  
triterpenoids extraction and their possible fractionation [110]. Furthermore, it would be 
necessary to test the modification with co-solvents [110] for extracting the triterpenoids not 
easily solubilized by pure SC-CO2 and that are abundant in the outer bark of E. globulus, 
such as ursolic and oleanolic acids. 
Later, our group has published a study on the SFE of E. globulus bark with pure CO2 in 
the range of 100-200 bar and 40-60 ºC, using the deciduous bark as model raw material 
[129]. The global yields ranged from 0.04 to 0.77% (wt), but the highest yield obtained (at 
60 ºC/200 bar), although improving the previous results, was only 59% of that achieved 
with dichloromethane. Ursolic and 3-acetylursolic acids were the most abundant 
triterpenoids in the extracts and, in the region of low densities, most triterpenic acids were 
weakly extracted. 
These results indicate that much work is still needed on the SFE and fractionation of 
triterpenoids from E. globulus bark. The use of CO2 modifier (ethanol) in triterpenic acids 
extraction, the optimization of the combined effect of the various parameters influencing 
yields and quality of extracts, and the extraction kinetics behavior are issues that will be 
addressed in this thesis.    
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3 3. Bark from commercially important Eucalyptus species for pulpwood as sources of triterpenic compounds.  
 
 
Characterization of lipophilic extractives of E. grandis, E. urograndis, E. maidenni, 
and E. nitens 
 
The lipophilic fraction of the bark of several commercially important Eucalyptus spp. for 
the pulp and paper industry is focused in detail in this chapter, with special emphasis on 
the triterpenic compounds family. The relevance of this study lies in the fact that the 
Eucalyptus spp. are being increasingly used worldwide for pulp production, particularly in 
some regions like South America. In this sense, the knowledge of the potentialities of the 
barks of the most exploited Eucalyptus species as sources of triterpenic compounds is an 
issue of clear importance under the scope of this thesis.  
Depending on the location of the commercial pulpwood plantations, the Eucalyptus 
species differ and are chosen according to several criteria such as their adaptation to a 
particular climate or resistance to local plagues [1]. While the composition of the lipophilic 
fraction of the bark from E. globulus, mostly used in Iberian countries, has been already 
published by Carmen et al. [2] and Domingues et al. [3], the same is not true in the case 
of other commercially important species, processed in different world regions, such as E. 
grandis, E. urograndis (Eucalyptus grandis x Eucalyptus urophylla), E. maidenni, and E. 
nitens.  
Accordingly, Paper I addresses the composition of the lipophilic extracts of the inner 
and outer bark fractions of E. grandis and E. urograndis, cultivated in Brazil, and E. 
maidenii, cultivated in Portugal. Furthermore, Paper II reports a similar study for the bark 
of E. nitens cultivated in Portugal, and presents a comparative analysis of the triterpenic 
acids composition of the outer barks of several Eucalyptus, featuring the different possible 
routes for the exploitation of these compounds within the pulp mill biorefinery context, 
depending on the species used.  
A brief discussion of the GC-MS spectra obtained for the main families of compounds 
may be consulted in Appendix 1. 
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Abstract 
The chemical composition of the lipophilic extracts of the inner and outer bark fractions 
of Eucalyptus grandis and Eucalyptus urograndis (Eucalyptus grandis x Eucalyptus 
urophylla) cultivated in Brazil and Eucalyptus maidenii, cultivated in Portugal were studied 
by gas chromatography-mass spectrometry. The extracts were shown to be mainly 
composed of triterpenic compounds (along with mono and sesquiterpenes in E. maidenii) 
followed smaller amounts of fatty acids, fatty alcohols, and aromatic compounds.  
Triterpenic acids (mainly ursolic, betulinic and oleanolic acids), are particularly 
abundant in outer barks representing 5.2 g/kg, 5.7g/kg and 9.3 g/kg in E. urograndis, E. 
grandis and E. maidenii outer barks respectively. Although these compounds were found 
in considerably smaller amounts than those previously reported for E. globulus, the total 
amounts of bark generated every year in South American pulp mills using E. urograndis 
and E. grandis, as well as the growth potential of E. maidenii plantations, the bark 
residues from these species are obvious candidates for the extraction of valuable 
triterpenic compounds.  
 
3.1 Introduction 
Eucalyptus spp. are the most important fiber sources for pulp and paper production in 
southwestern Europe (Portugal and Spain), South America (Brazil and Chile), South 
Africa, Japan and other countries [1]. The increasing interest on many Eucalyptus species 
as wood sources for pulp production is related with their rapid growth, their behavior 
during pulping and bleaching and the excellent properties of the final pulps [1-4]. 
In Iberian countries Eucalyptus plantations (predominantly E. globulus) occupied by 
2008 approximately 1.29 million ha, whereas in South America E. grandis and E. 
urograndis (Eucalyptus grandis x E. urophylla) are among the preferred species, 
representing approximately 3.75 million ha of plantations [5]. It is estimated that about 
2010, these two world regions together will produce around 14.7 million ton of Eucalyptus 
spp. pulp, representing 81% of the Eucalyptus spp. pulp produced worldwide [6]. 
Furthermore, South America is playing an increasingly important role in the production of 
eucalyptus wood and pulp. Brazil, for example, jumped from the 7th position as pulp 
producer in the world (and first in Eucalyptus pulp production) by to 2000, to become 
presently the 4th world pulp producer [7, 8]. Furthermore in the last five years the 
Eucalyptus spp. planted area increased by 41% in this country [7], demonstrating the 
growing tendency on the exploitation of these species in South America. 
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The renewed interest in the integrated exploitation of plants biomass as sources of 
materials, chemicals, fuels and energy within the biorefinery concept [9-11] has attracted 
the interest of agro-forest industries in the perspective of taking the maximum value out of 
their crops. This approach has also triggered the interest of pulp and paper industries as 
this sector produces considerable amounts of residues such as bark, normally removed in 
the mills and burned for energy production, but also leaves, branches and fruits from 
harvesting and logging operations which are either left in the forest for nutrition or burned 
in the biomass boiler.  
Some of these residues can have high value components in their composition, which 
can be exploited without affecting the current most important outputs of the existent mills 
(pulp and power), while minimizing the waste streams. For instance, the exploitation of 
valuable extractives, such as phytosterols, namely β-sitosterol [12-14], lignans [15-17] and 
triterpenoids [18, 19] from by-products of the industrial processing (e.g. bark, knots, 
pulping liquors), is a strategy already implemented in some pulp industries and can be 
considered among the most successful examples of the implementation of the biorefinery 
concept integrated in the pulp mills [10, 20].  
In the case of Eucalyptus ssp., bark is among the most interesting residues [21, 22]. It 
has been reported that the lipophilic extracts of E. globulus outer bark contain high 
amounts of several triterpenic acids with lupane, ursane and oleanane skeletons, namely, 
betulonic, betulinic, 3-acetylbetulinic, ursolic, 3-acetylursolic, oleanolic and 3-
acetyloleanolic acids (see Figure 3.3 bellow) [21, 22]. These triterpenic acids are 
recognized as promising compounds for the development of new multi-targeting bioactive 
agents [23-26]. For example, oleanolic and ursolic acids show significant antitumor [27] 
and anti-angiogenic [28, 29] properties; betulinic acid is also known for its antitumoral 
properties [30], and  as precursor for anti-HIV drugs, such as bevirimat [31], which soon 
will be a phase III drug [32]. 
In this vein, the search for new biomass sources of these valuable triterpenes 
represents a very important issue [33].  
The composition of the lipophilic extractives from E. grandis and E. urograndis wood, 
used in South America, has already been described in the literature, with particular 
emphasis in their role on formation and deposition of pitch on pulps and equipments 
during the wood processing for pulp and paper production [1, 34-37]. However, to the best 
of our knowledge there is no information about the composition of the lipophilic fractions of 
barks from these species, which based on the production figures mentioned above should 
originate huge amounts of bark residues annually. It is therefore of high interest to 
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evaluate their potential as sources of valuable compounds in order to develop possible 
extraction and purification strategies.  
E. maidenii is not so widely explored as a wood source for pulp production as the three 
Eucalyptus species mentioned so far, but it is already used in considerable amounts [1] 
demonstrating very interesting characteristics and potential for forest breeding and new 
papermaking opportunities [38] and, to the best of our knowledge there is still also no 
information concerning the analysis of the lipophilic bark extractives. 
In this context, the aim of the present paper is to evaluate the potentialities of E. 
grandis, E. urograndis and E. maidenii bark as a source of valuable triterpenoids, pointing 
out new ways to up-grading bark, one of the main Eucalyptus spp. pulp industry by-
products, within the context of the biorefinery integrated in the pulp mills. Thus, the 
dichloromethane extracts of the outer and inner barks from the referred Eucalyptus spp. 
were prepared and analyzed by gas chromatography-mass spectrometry (GC-MS), and 
the potential of these species as sources of high value triterpenic compounds is 
discussed.  
  
3.2 Materials and Methods 
3.2.1 Samples 
Eucalyptus urograndis and Eucalyptus grandis bark samples were taken from a 5-year-
old and 10-year-old tree, respectively, randomly sampled from clone plantations cultivated 
in Alfredo Chaves, state of Espírito Santo, Brazil (20º38’08’’ S, 40º44’57’’ W), while 
Eucalyptus maidenii bark was obtained from a 10-year-old tree randomly sampled in a 
clone plantation cultivated in Odemira, southwestern region of Portugal (37º33’04’’ N, 
8º38’43’’ W). The two different morphological regions of the bark, inner and outer bark, 
were handly separated as described elsewhere [22] and analyzed in separate. 
Representative samples of each bark fractions were air dried until a constant weight was 
achieved and ground to a granulometry lower than 2 mm prior to extraction. 
 
3.2.2  Extraction 
All samples of inner and outer bark (15 g) were Soxhlet extracted with dichloromethane 
for 7 h. The solvent was evaporated to dryness, the extracts were weighed and the results 
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were expressed in percent of dry bark. Dichloromethane was chosen because it is a fairly 
specific solvent for lipophilic extractives. 
 
3.2.3 Alkaline hydrolysis 
20 mg of each extract were dissolved in 10 ml of 1 M KOH in 10% aqueous methanol. 
The mixture was heated at 100 °C, under nitrogen at mosphere in caped reaction vessels, 
for 1 h. The reaction mixture was cooled, acidified with 1 M HCl to pH~2 and then 
extracted three times with dichloromethane. The solvent of the combined organic fractions 
was evaporated to dryness. 
 
3.2.4 GC-MS analysis 
Before GC-MS analysis, nearly 20 mg of each dried sample were converted into 
trimethylsilyl (TMS) derivatives according to the literature [22, 39]. GC-MS analyses were 
performed using a Trace Gas Chromatograph 2000 Series equipped with a Thermo 
Scientific DSQ II mass spectrometer, using helium as carrier gas (35 cm s-1), equipped 
with a DB-1 J&W capillary column (30 m × 0.32 mm i.d., 0.25 mm film thickness). The 
chromatographic conditions were as follows: initial temperature: 80 °C for 5 min; 
temperature rate of 4 °C min -1 up to 260 °C; 2 °C min -1 till the final temperature of 285 °C; 
maintained at 285 °C for 10 min; injector temperatu re: 250 °C; transfer-line temperature: 
290 °C; split ratio: 1:50. The MS was operated in t he electron impact mode with electron 
impact energy of 70 eV and data collected at a rate of 1 scan s-1 over a range of m/z 33-
700. The ion source was maintained at 250 °C. 
For quantitative analysis, GC-MS was calibrated with pure reference compounds, 
representative of the major lipophilic extractives components (namely, palmitic acid, 
nonacosan-1-ol, β-sitosterol, betulinic acid, ursolic acid and oleanolic acid), relative to 
tetracosane, the internal standard used. The respective multiplication factors needed to 
obtain correct quantification of the peak areas were calculated as an average of six GC-
MS runs. For aromatic compounds, monoterpenes and sesquiterpenes a response factor 
of 1.0 was assumed. Compounds were identified, as TMS derivatives, by comparing their 
mass spectra with the GC-MS spectral library, with data from the literature [1, 4, 22, 36, 
40-44] and in some cases, by injection of standards.  
Two aliquots of each extract were analyzed. Each aliquot was injected in triplicate. The 
presented results are the average of the concordant values obtained for each part (less 
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than 5% variation between injections of the same aliquot and between aliquots of the 
same sample).Only the results of the GC-MS analysis of the extracts after alkaline 
hydrolysis will be presented and discussed, on the one hand because the major 
components (triterpenic acids) are mainly detected in the free form and, on the other 
hand, to simplify the discussion. However, (as will be discussed below) considerable 
increases in the amounts of fatty acids and long chain aliphatic alcohols were observed 
after hydrolysis. Moreover, this procedure also allowed us to identify smaller amounts of 
other compounds, such as aromatic compounds, only detectable after hydrolysis of the 
extracts [2].  
 
3.2.5 Chemicals 
Nonacosan-1-ol (98% purity) and β-sitosterol (99% purity) were purchased from Fluka 
Chemie (Madrid, Spain); ursolic acid (98% purity), betulinic acid (98% purity) and 
oleanolic acid (98% purity) were purchased from Aktin Chemicals (Chengdu, China); 
betulonic acid (95% purity) was purchased from CHEMOS GmbH (Regenstauf, Germany); 
palmitic acid (99% purity), dichloromethane (99% purity), pyridine (99% purity), 
bis(trimethylsilyl)trifluoroacetamide (99% purity), trimethylchlorosilane (99% purity), and 
tetracosane (99% purity) were supplied by Sigma Chemical Co (Madrid, Spain). 
 
3.3 Results and Discussion 
3.3.1 Extraction yield 
The yields of the dichloromethane extractives from the three Eucalyptus bark samples 
investigated (Table 3.1) were markedly different between species and between the two 
morphological regions. Generally, it is observed that the outer bark fractions are richer in 
lipophilic extractives than inner bark counterparts. In the inner bark samples they ranged 
from 0.3% in E. urograndis to 2.6% (w/w) in E. maidenii while in outer bark from 1.3% in 
E. grandis to 6.1% (w/w) in E.maidenii.  
The lipophilic components  extraction yields of the inner bark of E. urograndis and E. 
grandis are of the same order of that found in the corresponding wood [1, 34, 36] and are 
in close agreement with previously published results for E. globulus inner bark [22]. As 
referred above, the lipophilic extractives contents of the outer bark fractions of E. 
urograndis and E. grandis are considerably higher than those of the inner bark fractions 
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as also observed for E. globulus [22], however they are lower (~50%) than in E. globulus 
outer bark in which they accounted for up to 3.9% (w/w). 
 
Table 3.1. Extraction yields (% w/w) of the different eucalyptus bark fractions characterized. 
 
 
E. maidenii inner and outer barks present considerably higher amounts of lipophilic 
extractives (Table 3.1) comparatively with the three Eucalyptus species referred above 
and also with the corresponding E. maidenii wood, which contains about 0.5% (w/w) of 
lipophilic extractives [1].  
 
3.3.2 Extracts composition 
The chemical composition of the dichloromethane extracts of the three Eucalyptus bark 
fractions investigated vary significantly with the species and the morphological fraction. A 
chromatogram of the lipophilic extract (after alkaline hydrolysis and as TMS derivatives) of 
a selected outer bark extract (from E. grandis) is presented in Figure 3.1 and the detailed 
qualitative and quantitative composition of all the hydrolyzed extracts are listed in Table 
3.2.  
 
Figure 3.1. GC-MS chromatogram of the dichloromethane extract of E. grandis outer bark after 
alkaline hydrolysis. FA, fatty acids; LCAA, long chain aliphatic alcohols; IS, internal standard 
(tetracosane). 
 
Bark sample Extraction yield (% w/w) 
 Inner bark Outer bark 
E. urograndis 0.3 1.7 
E. grandis 0.5 1.3 
E. maidenii 2.6 6.1 
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3.3.2.1 Outer bark extractives 
From a qualitative point of view, the chemical composition of the samples of Eucalyptus 
outer barks extracts studied differ considerably (Table 3.2, Figure 3.2). The hydrolyzed 
lipophilic extracts of E. urograndis and E. grandis are mainly composed of several 
triterpenoids namely, betulinic, ursolic and oleanolic acids (Figure 3.3). β-sitosterol is also 
an abundant component of these extracts, followed by minor amounts of fatty acids (C12 
to C30), long chain aliphatic alcohols (C16 to C30), and aromatic compounds.  
In E. maidenii outer bark the main lipophilic components identified are several 
monoterpenes and sesquiterpenes (detected in the GC-MS chromatograms at rt 4.14-
13.69 min and 15.08-24.56min), with 1,8-cineole, α-terpineol, aromadendrene, allo-
aromadendrene and globulol (Figure 3.4) as the most abundant components of these 
families (referred in Table 3.2 and Figure 3.2 as “other compounds”). These compounds 
are commonly found in the essential oils of the leaves of numerous Eucalyptus species 
[42, 45, 46], including E. maidenii, and were also identified in the outer bark [22] and fruits 
[44, 47] of E. globulus. However, considering that the aim of this paper is focused mainly 
in the triterpenic fractions of the extracts and because the methodology followed in this 
work is not the most suitable for the analysis of this type of compounds the composition of 
this fraction will not be discussed in detail here. 
Nevertheless, triterpenoids also correspond to an important fraction of the E. maidenii 
outer bark extract and, as observed for E. urograndis and E. grandis, betulinic, ursolic and 
oleanolic acids are the main components of the triterpenic fraction (Table 3.2). Betulonic 
acid and β-amyrin were also detected in this extract, although in smaller amounts (Table 
3.2). 
All these triterpenic compounds have already been reported as components of the 
leaves waxes of several Eucalyptus species [48], E. globulus bark [22] and fruits [44]. 
However, to our knowledge their presence in E. urograndis, E. grandis and E. maidenii 
barks has not been previously reported. 
From a quantitative point of view, the total triterpenoids content range from 5.2 g/kg to 
9.3 g/kg (in dry bark basis) in E. urograndis and E. maidenii outer bark, respectively 
(Table 3.2, Figure 3.2) and their relative amount in each extract ranged from about 15% in 
E. maidenii up to 43% in E. grandis. As expected, these results show that this group of 
triterpenic compounds is highly concentrated in the outer layers of the studied barks, 
although in lower concentrations than those reported in E. globulus outer bark, where they 
account for up to 25 g/kg [22].  
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Table 3.2. Compounds Identified in the dichloromethane extracts of the different eucalyptus bark 
fractions characterized, after alkaline hydrolysis.a 
  
Content (mg/kg of bark fraction) 
  
E. urugrandis  E. grandis     E. maidenii 
rt (min) Compound outer inner outer inner outer inner 
 Fatty acids 1577.3 798.1 1310.8 676.7 548.5 671.8 
5.31 Hexanoic acid  5.4     
14.92 Nonanoic acid  4.5     
17.99 Decanoic acid  4.6     
23.67 Dodecanoic acid  6.2 11.9 6.8  9.2 
28.81 Tetradecanoic acid 14.5 13.4 26.5 11.9 29.4  
31.24 Pentacosanoic acid  2.4 12.3 7.7   
33.5 Hexadecanoic acid 490.9 207.6 358.8 213.8 110.7 208.5 
35.74 Heptadecanoic acid  5.8  15.5   
36.90 Linolenic acid     57.6  
36.98 Linoleic acid 99.6 166.9 100.6 125.4 62.7 296.4 
37.19 Oleic acid 82.2 156.3 103.0 132.8 37.3 124.2 
37.26 trans-9-Octadecenoic acid    6.0   
37.87 Octadecanoic acid 46.2 67.4 35.7 65.2  33.5 
41.77 Eicosanoic acid  14.5  6.6   
43.75 Heneicosanoic acid  3.4     
45.58 Docosanoic acid 38.2 9.4 33.9 4.4   
47.34 Tricosanoic acid  5.0     
49.02 Tetracosanoic acid 182.4 14.5 107.8 8.1   
50.69 Pentacosanoic acid  6.7     
52.35 Hexacosanoic acid 363.0 32.5 271.6 24.0 222.4  
54.23 Heptacosanoic acid  3.5     
56.21 Octacosanoic acid 89.7 14.6 76.6 17.9 28.3  
60.42 Triacontanoic acid 47.0 29.1 21.0 10.5   
        
 ω-Hydroxyfatty acids       
51.59 22-Hydroxydocosanoic acid   4.3 22.3    
55.28 24-Hydroxytetracosanoic acid 52.9 5.6 57.2 6.2   
59.29 25-Hydroxypentacosanoic acid 70.8 14.7 71.6 13.9   
        
 Long chain aliphatic alcohols 715.5 55.1 314.1 156.7 434.5 110.7 
6.73 Octan-1-ol  2.9     
31.75 Hexadecan-1-ol 44.5 5.1 23.4 32.6  16.3 
35.48 (z)-octadec-9-en-1-ol 43.3 5.9 30.8 55.9 32.1 33.7 
36.24 Octadecan-1-ol 24.6 3.7 0.0 23.2  12.8 
44.11 Docosan-1-ol 44.8 4.3 33.8 2.9 78.6 0.0 
47.60 Tetracosan-1-ol 104.5 3.5 48.4 0.0 63.3 25.8 
50.98 Hexacosan-1-ol 224.1 8.3 91.0 6.8 179.2 22.1 
54.56 Octacosan-1-ol 110.4 13.3 86.7 18.1 81.3 0.0 
58.58 Triacontan-1-ol 119.2 8.1  17.2   
        
 Aromatic compounds 37.1 11.9 111.4 9.8 0.0 0.0 
19.35 Vanillin  3.3     
30.68 p-Coumaric acid   19.5 9.8   
34.14 trans-Ferulic acid 37.1 8.7 91.9    
        
 Sterols 510.9 353.2 394.4 372.3 476.5 383.3 
58.01 β-Sitosterol 510.9 319.7 366.2 333.2 476.5 383.3 
58.17 β-Sitostanol  33.5 28.2 39.1   
        
 Triterpenoids 5228.7 810.1 5694.7 777.0 9282.8 498.2 
57.79 β-Amyrin   32.1  38.8 219.1 415.0 
58.47 α-Amyrin  108.9  115.9   
61.37 Betulonic acid     614.8  
62.69 Oleanolic acid 831.1 94.4 782.3 89.0 1368.6 13.8 
63.21 Betulinic acid 1304.8 222.6 2085.7 237.9 1746.2 16.0 
63.73 Ursolic acid 1895.6 232.1 2154.4 210.1 3640.3 34.0 
 Unidentified triterpenoids 1197.3 119.9 672.3 85.3 1693.8 19.4 
        
 
Other compounds/ 
unidentified compounds 298.1 247.3 574.8 264.8 15435.7 6416.5 
 Monoterpenes      2479.4 415.4 
 Sesquiterpenes     6595.7 2549.8 
        
 Total detected compounds 8367.6 2275.8 8400.1 2257.4 26178.1 8080.5 
a Results are the average of the concordant values obtained (less than 5% variation between injections) for the 
two aliquots of each sample injected in triplicate. 
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Figure 3.2. Major families of lipophilic components identified in the dichloromethane extracts of E. 
urograndis, E. grandis and E. maidenii outer barks after alkaline hydrolysis. FA, fatty acids; LCAA, 
long chain aliphatic alcohols; ST, sterols; TT: Triterpenoids; and AC, aromatic compounds. 
 
 
Figure 3.3. Major triterpenoids identified in E. urograndis, E. grandis and E. maidenii bark. 
 
 
Figure 3.4. Structures of the main monoterpenes and sesquiterpenes identified in E. maidenii bark. 


53 
Ursolic acid (40% of which was found as 3-acetylursolic acid, on average before 
alkaline hydrolysis) is generally the most abundant component of all outer bark extracts, 
varying from 1.9 g/kg in E. urograndis up to 3.6 g/kg in E. maidenii. 
Betulinic acid (1.3 – 2.1 g/kg) and oleanolic acid (0.8 – 1.4 g/kg, 48% of which found as 
3-acetyloleanolic acid, on average before hydrolysis) were also found among the main 
components of all outer barks extracts, being betulinic acid more abundant in E. grandis 
and oleanolic acid in E. maidenii. 
As referred before, betulonic acid (0.6 g/kg) and β-amyrin (0.2 g/kg) were only detected 
in E. maidenii outer bark. This difference in composition should obviously be related with 
the species, although the effected of the geographic location over the composition of 
Eucalyptus lipophilic extractives is well known [2, 4] and this species was collected in 
Portugal whereas the other two were from Brazil. 
Finally, a lupane type triterpenic acid was also detected in considerable amounts (0.7 
and 1.2 g/kg, respectively) in E. urograndis and E. maidenii outer bark extracts. The 
fragmentation pattern of this compound is very similar to that of betulinic acid, with the 
same [M+] ion at m/z 600 and the intense peak at m/z 189, typical of compounds with 
lupane skeletons [14, 49, 50], as well as typical fragments at m/z 585 [M-CH3], 510 [M-
TMSOH], 483 [M-TMSOCH], 393 [M-TMSOH-TMSOOC] and at m/z 320, 307, 279, 203 
and 73 [14, 49, 50], but showing a different retention time (62.47 min). Although its 
unambiguous identification could not be achieved, the similarity of the spectra with that of 
betulinic acid and the concordant elution order with other lupane and 3-epi-lupane 
structures namely, lupeol and 3-epi-lupeol [49], suggests the possibility of being a 
stereoisomer, namely 3-epi-betulinic acid. 
Sterols fraction (0.4 – 0.5 g/kg), essentially composed of β-sitosterol, and fatty acids 
fraction (0.5 to 1.6 g/kg, 67% of which were present in esterified forms, on average before 
alkaline hydrolysis ), mainly composed of hexadecanoic, oleic, linoleic, tetracosanoic and 
hexacosanoic acids, and some ω-hydroxyfatty acids (24-hydroxytetracosanoic acid and 
25-hydroxypentacosanoic acid) were identified in all outer barks extracts. Smaller 
amounts of long chain aliphatic alcohols (0.3 – 0.7 g/kg, 50% of which were present in 
esterified forms, on average before alkaline hydrolysis), mainly represented by 
hexacosan-1-ol, were also detected in the studied outer bark extracts.  
All the identified sterols, fatty acids and long chain aliphatic alcohols (Table 3.2) have 
already been reported in the lipophilic extracts from the wood of E. urograndis, E. grandis 
and E. maidenii [1, 34-36]. 
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Finally, two aromatic compounds, namely p-coumaric and trans-ferulic acids, were 
identified in E. urograndis and E. grandis outer bark extractives after alkaline hydrolysis. 
Ferulic acid esters have been previously reported in E. globulus bark extractives [22] and 
in several Eucalyptus species wood extracts [1, 2]. p-Coumaric acid esters have also 
been found in the bark from E. globulus [22]. 
 
3.3.2.2 Inner bark extractives 
Triterpenoids (0.8 g/kg), as ursolic acid (0.2 g/kg, 46% of which found as 3-acetyursolic 
acid, on average before hydrolysis) and betulinic acid (0.2 g/kg) are also the major 
components of the hydrolyzed dichloromethane extract of E. urograndis and E. grandis 
inner bark (Table 3.2, Figure 3.5). Considerable amounts of α-amyrin and oleanolic acid 
as well as smaller amounts of β-amyrin were also detected.  
 
Figure 3.5. Major families of lipophilic components identified in the dichloromethane extracts of E. 
urograndis, E. grandis and E. maidenii inner bark after alkaline hydrolysis. FA, fatty acids; LCAA, 
long chain aliphatic alcohols; ST, sterols; TT triterpenoids; and AC, aromatic compounds. 
 
The amounts of triterpenoids found in E. urograndis and E. grandis inner bark extracts 
(0.8 g/kg) are in the same range as those found in E. globulus inner bark extract [22], 
however, in the latter case β-amyrin was the most abundant triterpenoid and triterpenic 
acids were not detected. 
The hydrolyzed dichloromethane extract of E. maidenii inner bark is qualitatively and 
quantitatively quite different from those of E. urograndis and E. grandis (Table 3.2, Figure 
3.5), but relatively similar to the corresponding outer bark extract from a qualitative point 
of view. Thus, the E. maidenii inner bark extract is mainly composed of monoterpenes and 
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sesquiterpenes (once more assigned in the “others” group as referred above), whereas 
triterpenoids, fatty acids, sterols and long chain aliphatic alcohols represent a smaller 
fraction of the extract. The triterpenic fraction (0.5 g/kg) is mainly composed of β-amyrin 
(0.4 g/kg), along with small amounts of ursolic, betulinic and oleanolic acids; this 
composition is similar to that reported for E. globulus inner bark extract [22]. 
Fatty acids are detected among the main components of the hydrolyzed extract of E. 
urograndis and E. grandis inner bark (0.7 – 0.8 g/kg, with an average increase of 203% 
after alkaline hydrolysis), with hexadecanoic, oleic and linoleic acids as the most abundant 
components of this group. These results are in agreement with those reported for E. 
globulus inner bark [22] and for E. urograndis and E. grandis wood fatty acids [1, 34, 36]. 
In E. maidenii inner bark fatty acids accounted for 0.7 g/kg (with a 348% increase after 
hydrolysis), and only a few components, namely hexadecanoic, linoleic,oleic, dodecanoic 
and octadecanoic acids, were identified.  
The amounts of sterols (0.4 g/kg), mainly β-sitosterol (0.3 – 0.4 g/kg), detected in the 
inner bark of E. urograndis, E. grandis and E. maidenii are in the same order of those 
reported in the hydrolysable lipophilic extract of the corresponding woods [1, 35, 36] and 
in E. globulus inner bark [22], although in wood a larger number of sterols has been 
reported. 
Long chain aliphatic alcohols represented only a smaller portion of the total extractives 
identified in the inner bark of the three Eucalyptus species (55.1 - 156.7 mg/kg). 
Octacosan-1-ol in E. urograndis and (z)-octadec-9-en-1-ol in E. grandis and E. maidenii 
were the most abundant alcohols found in these bark samples. 
p-Coumaric acid was identified, in very small amounts, in the hydrolyzed extracts of E. 
grandis  whereas trans-ferulic acid and vanillin were detected in E. urograndis inner bark 
extracts 
 
3.4 Conclusions 
The lipophilic fractions of the inner and outer barks of E. grandis, E. urograndis and E. 
maidenii were shown to be mainly composed of triterpenic compounds (along with mono 
and sesquiterpenes in E. maidenii) followed by smaller amounts of fatty acids, fatty 
alcohols, and aromatic compounds.  
Triterpenic acids (mainly ursolic, betulinic and oleanolic acids), are particularly 
abundant in outer barks representing 5.2 g/kg, 5.7g/kg and 9.3 g/kg in E. urograndis, E. 
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grandis and E. maidenii, respectively. These values are considerably smaller than those 
reported for E. globulus outer bark [22] and other biomass residues [21]. However 
considering the total amounts of bark that are generated in South American pulp mills 
using E. urograndis, E. grandis, as well as the growth potential of E. maidenii plantations, 
it is obvious that the bark residues from these species represent a tremendous potential 
for the isolation of these valuable triterpenic compounds.  
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Abstract 
A comparative study of the triterpenic acids composition of the outer barks of several 
Eucalyptus species (E. globulus, E. grandis, E. urograndis, E. maidenii and E. nitens) is 
reported. The contents of the main triterpenic acids identified in the five species varied 
between 4.5 g/kg in E. urograndis and 21.6 g/kg in E. nitens. It has been observed that, 
out of these Eucalyptus species outer barks, those from temperate and Mediterranean 
zones, namely E. nitens and E. globulus, are richer in triterpenic acids than the species 
from sub-tropical and tropical regions. Furthermore, E. globulus outer bark is clearly the 
richest in ursane acids while E. nitens outer bark is the richest in oleanane and lupane 
acids. 
 
3.5 Introduction 
The fast-growing commercial plantations of Eucalyptus species have nowadays an 
important role in the fulfillment of the worldwide increasing demand for pulpwood [1]. By 
2008, the total area of Eucalyptus, mainly distributed in about one dozen countries spread 
worldwide plantations [2],.exceeded 19 x 106 ha [3].  
In fact, Eucalyptus species are the most important fiber sources for pulp and paper 
production in South-West Europe (Portugal and Spain), South America (Brazil and Chile), 
South Africa, Japan and other countries [4].  
In the temperate and Mediterranean zones, E. globulus and E. nitens are the most 
common planted species while, in sub-tropical and tropical zones, E. grandis, E. urophylla 
and their hybrid (E. urograndis) are among the preferred ones [1, 2, 4]. The increasing 
interest for several Eucalyptus species as wood sources for pulp production is related not 
only to their rapid growth, but also to their behavior during pulping and bleaching, as well 
as to the excellent properties of the final pulps [4-7]. 
During the last decade, a re-emerging interest for the integrated exploitation of plant 
biomass as sources of materials, chemicals, fuels and energy has been registered, within 
the biorefinery concept [8-10]. This renewed interest has drawn the attention of agro-
forest industries, concerned with taking maximum values out of their crops.  
Wood exploitation for pulp production generates large amounts of biomass residues 
and by-products, which can be important renewable raw materials for the production of 
high-value chemicals and materials [11]. The biomass residues resulting from Eucalyptus 
pulp mill operations are mainly bark, normally removed in the mills and burned for energy 
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production, but also leaves, branches and fruits from harvesting and logging operations, 
which are either left in the forest for nutrition, or burned in the biomass boiler. Some of 
these residues and by-products can be sources of valuable compounds – such as 
phytosterols[12, 13], lignans [14-16] and triterpenoids [17, 18]. The integrated exploitation 
of some of these compounds in pulp mills is viewed as one of the most successful 
examples of the biorefinery concept implementation in this industrial branch [9, 19].   
Some previous studies were devoted to the lipophilic composition of bark in some of 
the most important Eucalyptus species used by pulp industry worldwide, namely E. 
globulus [20, 21] E. grandis, E. urograndis and E. maidenii [22], as well as other biomass 
residues obtained from E. globulus [20]. It was shown that, for technical and economical 
reasons, bark is among the most interesting residues for possible exploitation in an 
integrated way [20]. Furthermore, it has been reported that the lipophilic extracts present 
in the outer barks of all these Eucalyptus species, particularly E. globulus, contain high 
amounts of triterpenic acids with lupane, ursane and oleanane skeletons (Figure 3.6), 
namely betulonic, betulinic, ursolic, 3-acetylursolic, oleanolic and 3-acetyloleanolic acids 
[20-22], making this fraction of bark the residue from which these compounds can be 
efficiently extracted in an integrated way in the existing kraft pulp mills. 
 
Figure 3.6. Major triterpenic acids identified in E. globulus, E. urograndis, E. grandis and E. 
maidenii barks 
 
The triterpenic acids show promising nutraceutical and pharmacological properties, due 
to their antitumoral [23, 24] and anti-angiogenic [25] properties, or as precursors for anti-
HIV drugs, some of them already in clinical trials phase [26]. Considering the future 
perspectives for these triterpenic molecules, the search for biomass sources in which they 
can be abundantly found is an important issue [27].     
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In this context, the present paper studies comparatively the triterpenic composition of 
the outer barks of E. globulus, E. grandis, E. urograndis, and E. maidenii [20-22]. The 
lipophilic composition of E. nitens bark was also studied, since this species is the 
preferred Eucalyptus pulpwood cultivated in cool-temperate regions (mostly in Chile, 
Australia and South Africa) [2, 28], and is reported here for the first time.  
In this way, the authors intend to access the potentiality of several Eucalyptus species 
as source of triterpenic acids; particularly E. nitens, within the context of the biorefinery 
integrated in the pulp mills.  
 
3.6 Materials and Methods 
3.6.1 Samples 
The E. urograndis and E. grandis bark samples were taken from a 5 and a 10 year-old 
tree, respectively, randomly sampled from the clone plantations cultivated in Alfredo 
Chaves, state of Espírito Santo, Brazil (20º38’08’’ S, 40º44’57’’ W), while the E. globulus 
bark samples were taken from three 12 year-old trees randomly sampled from a clone 
plantation cultivated  in Arouca, region  of Aveiro, Portugal (40º55’44’’ N, 8º14’37’’ W), and 
the E. maidenii bark was obtained from a 10 year-old tree randomly sampled from a clone 
plantation cultivated in Odemira, southwestern region of Portugal (37º33’04’’ N, 8º38’43’’ 
W), as reported elsewhere [21, 22]. 
The bark samples of E. nitens were taken from several 10-year-old trees, randomly 
sampled from a first rotation of clone plantation cultivated near Paredes, region of Viseu, 
Portugal (40º29’58’’ N, 8º16’03’’ W). 
The two different morphological regions of the bark, the inner and outer ones, were 
manually separated as described elsewhere [21] and analyzed in separate. 
Representative samples of each bark fractions were air dried until a constant, and ground 
to a granulometry lower than 2 mm, prior to extraction. 
 
3.6.2 Extraction 
All samples of inner and outer bark (15 g) were Soxhlet-extracted with dichloromethane 
for 7 h. The solvent was evaporated to dryness, the extracts were weighed and the results 
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were expressed in percent of dry bark. Dichloromethane was chosen because it is a fairly 
specific solvent for lipophilic extractives. 
 
3.6.3 GC-MS analysis 
Prior to GC-MS analysis, nearly 20 mg of each dried sample were converted into 
trimethylsilyl (TMS) derivatives, according to literature [21, 29]. GC-MS analyses were 
performed using a Trace Gas Chromatograph 2000 Series equipped with a Thermo 
Scientific DSQ II mass spectrometer, using helium as carrier gas (35 cm s-1), equipped 
with a DB-1 J&W capillary column (30 m × 0.32 mm i.d., 0.25 µm film thickness). The 
chromatographic conditions were as follows: initial temperature - 80 °C for 5 min; 
temperature rate - 4 °C min -1 up to 260 °C; 2 °C min -1 till the final temperature of 285 °C; 
keeping at 285 °C for 10 min; injector temperature - 250 °C; transfer-line temperature - 
290 °C; split ratio - 1:50. The MS was operated in the electron impact mode with electron 
impact energy of 70 eV, and data were collected at a 1 scan s-1 rate, over a range of m/z 
33-700. The ion source was maintained at 250 °C. 
For quantitative analysis, GC-MS was calibrated with pure reference compounds, 
representative of the major lipophilic extractives components (namely, palmitic acid, 
nonacosan-1-ol, β-sitosterol, betulinic acid, ursolic acid and oleanolic acid), relative to 
tetracosane, used as an internal standard. The respective multiplication factors necessary 
for obtaining a correct quantification of the peak areas were calculated as an average of 
six GC-MS runs. For aromatic compounds a response factor of 1.0 was assumed. The 
compounds were identified as TMS derivatives, by comparing their mass spectra with the 
GC-MS spectral library, with data from the literature [4, 7, 21, 30-33] and in some cases, 
by injection of standards. 
Two aliquots of each extract were analyzed. Each aliquot was injected in triplicate. The 
presented results are the average of the concordant values obtained for each part (less 
than 5% variation between injections of the same aliquot and between aliquots of the 
same sample). 
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3.7 Results and discussion  
3.7.1 Extraction yield 
The yields of the dichloromethane extractives from E. nitens and the other Eucalyptus 
bark previously investigated [20-22] (Table 3.3) were markedly different between both the 
species and the two morphological regions. It is observed that the outer bark fractions are 
generally richer in lipophilic extractives than the inner bark counterparts.  
In the inner bark samples, the yields ranged from 0.3% in E. urograndis and E. nitens, 
to 2.6% (w/w) in E. maidenii while, in outer bark, yields ranged from 1.3% in E. grandis to 
6.1% (w/w) in E.maidenii. Furthermore, one may observe that the outer bark of the most 
common species planted in temperate and Mediterranean zones, E. globulus and E. 
nitens, are richer in lipophilic extractives than the species of sub-tropical and tropical 
zones, E. grandis and E. urograndis. 
 
Table 3.3: Extraction yields (% w/w) of E. nitens and of the different Eucalyptus bark fractions 
previously characterized.   
Bark sample Extraction yield (% w/w) 
 Inner bark Outer bark 
E. nitens 0.3 3.3 
E. globulus [21] 0.5 3.9 
E. urograndis [22] 0.3 1.7 
E. grandis [22] 0.5 1.3 
E. maidenii [22] 2.6 6.1 
 
 
3.7.2 Composition of E. nitens bark extracts  
The chemical compositions of the dichloromethane extracts of E. nitens bark vary 
significantly within the two morphological fractions, as previously reported for the other 
Eucalyptus species [20-22]. A chromatogram of the lipophilic extract (as TMS derivatives) 
of the outer bark from E. nitens is presented in Figure 3.7, and the detailed qualitative and 
quantitative composition of the outer and inner bark extracts are listed in Table 3.4. 
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Table 3.4. Composition of dichloromethane extracts of outer and inner fractions of E. nitens bark 
  Content (mg/kg of bark fraction) 
rt (min) Compound outer inner 
 Fatty acids 419.9 270.5 
14.8 nonanoic acid  3.3 
17.9 decanoic acid  1.6 
23.5 dodecanoic acid  6.8 
31.0 tetradecanoic acid  7.4 
33.3 pentacosanoic acid  4.5 
35.5 hexadecanoic acid 110.2 111.2 
36.7 heptadecanoic acid  5.3 
31.0 linoleic acid 28.6 29.6 
36.9 oleic acid 37.1 26.3 
37.1 trans-9-octadecenoic acid  4.3 
37.6 octadecanoic acid 12.3 21.6 
41.6 eicosanoic acid  9.1 
43.5 heneicosanoic acid  4.5 
45.3 docosanoic acid 36.2 10.8 
47.0 tricosanoic acid  5.8 
48.8 tetracosanoic acid 103.4 14.6 
50.4 pentacosanoic acid  7.6 
52.1 hexacosanoic acid 55.3 9.4 
55.9 octacosanoic acid 36.9 8.3 
    
 Long chain aliphatic alcohols 310.8 37.9 
31.6 hexadecan-1-ol  5.5 
36.0 octadecan-1-ol  6.8 
43.9 docosan-1-ol 38.6 2.6 
47.4 tetracosan-1-ol 65.6 2.6 
50.7 hexacosan-1-ol 134.4 5.6 
54.3 octacosan-1-ol 72.2 14.9 
    
 Aromatic compounds  13.9 
19.2 vanillin  4.0 
26.2 vanillic acid  7.0 
29.5 syringic acid  3.0 
    
 Sterols 407.4 620.6 
57.6 β-sitosterol 407.4 567.7 
57.7 β-sitostanol  52.9 
    
 Triterpenoids 24606.0 1236.3 
55.7 β-amyrenone  27.9 
56.5 α-amyrenone  13.4 
57.4 β-amyrin  90.9 307.2 
58.0 α-amyrin  127.1 
58.2 lupeol 105.9  
61.0 betulonic acid 2436.5 52.3 
62.2 oleanolic acid 7250.1 84.7 
62.6 betulinic acid 6621.0 83.3 
63.1 ursolic acid 3537.1 66.8 
63.6 3-acetyloleanolic acid 1101.2 23.4 
64.8 3-acetylursolic acid 640.6 22.0 
 unidentified triterpenoids 2822.7 428.1 
    
 
Other compounds/ 
unidentified compounds 668.7 164.3 
    
 Total detected compounds 26412.7 2343.5 
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Figure 3.7. GC-MS chromatogram of the dichloromethane extract of E. nitens outer bark. FA, fatty 
acids; LCAA, long chain aliphatic alcohols; IS, internal standard (tetracosane) 
 
The lipophilic extracts of outer bark are mainly composed of several triterpenoids (24.6 
g/kg), mostly triterpenic acids with lupane, oleanane and ursane skeletons (Figure 3.6). 
Oleanolic (7.3 g/kg), betulinic (6.6 g/kg), ursolic (3.5 g/kg), betulonic (2.4 g/kg), as well as 
the acetyl derivatives 3-acetyloleanolic (1.1 g/kg) and 3-acetylursolic acids (0.6 g/kg) are 
the main components of this family of compounds, which also includes minor amounts of 
the triterpenic alcohols lupeol and β-amyrin. β-sitosterol (0.4 g/kg) is also an abundant 
component of this extract, followed by minor amounts of fatty acids (C16 to C28, 0.4 g/kg ) 
and long chain aliphatic alcohols (C22 to C28, 0.3 g/kg). 
In the inner bark extract, triterpenoids (1.2 g/kg) are, as well, among the main 
components of the analyzable extract although, in this case, the main components of this 
family of compounds are β-amyrin (0.3 g/kg) and α-amyrin (0.1 g/kg), followed by minor 
amounts of the lupane, oleanane and ursane acids and ketones (β-amyrenone and α-
amyrenone). β-sitosterol (0.6 g/kg) is the most abundant component of this extract. Fatty 
acids (C9 to C28, 0.3 g/kg) and minor amounts of long chain aliphatic alcohols (C16 to 
C28, 37.9 mg/kg) and aromatic compounds (13.9 mg/kg) are also detected. 
As expected, these results show that triterpenic compounds are highly concentrated in 
the outer layer of E. nitens bark, with similar concentrations to those reported in E. 
globulus outer bark, where they account for up to 25 g/kg [21]. 
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All compounds identified in E. nitens bark extracts (Table 3.4) have been already 
reported in the lipophilic extracts from the bark and wood of Eucalyptus species [4, 5, 20-
22, 34].  
 
3.7.3 Triterpenic composition of Eucalyptus spp. pulpwood outer barks extracts 
The chemical composition of the outer bark extracts from the studied species is quite 
similar from a qualitative point of view. These extracts are mainly composed of triterpenic 
acids, namely betulonic, betulinic, ursolic, oleanolic, 3-acetylursolic and 3-acetyloleanolic 
acids (Figure 3.8, Table 3.5).  
The contents of the main triterpenic acids identified in the five species varied between 
4.5 g/kg in E. urograndis and 21.6 g/kg in E. nitens (Table 3.5). It is observed that, out of 
these Eucalyptus species outer barks, the ones typical of temperate and Mediterranean 
zones, particularly E. nitens and E. globulus, are richer in triterpenic acids than the 
species from sub-tropical and tropical regions. Furthermore, E. globulus outer bark is 
clearly the richest in ursane acids, while the E. nitens outer bark is the richest in oleanane 
and lupane acids.    
 
Table 3.5. Major triterpenic components identified in Eucalyptus species outer barks (g/kg) 
 World regions usage for pulpwood 
Component Temperate and Mediterranean Sub-tropical and tropical 
 E. globulus [21] E. nitens E. maidenii [22] E. urograndis [22] E. grandis [22] 
Main triterpenic acids 21.3 21.6 8.4 4.5 5.1 
betulonic acid 2.6 2.4 1.0 -- -- 
*oleanolic acid 4.1 8.4 1.7 1.2 0.7 
betulinic acid 2.6 6.6 2.0 1.4 2.1 
*ursolic acid 12.1 4.2 3.6 1.9 2.4 
other triterpenoids 1.5 3.0 0.2 -- 0.1 
Total triterpenoids 22.8 24.6 8.5 4.5 5.2 
* including the 3-acetyl derivative 
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Figure 3.8. Abundance of the main triterpenic acids in outer barks of the studied Eucalyptus 
species. *Including 3-acetyl derivatives 
 
As to the hypothetical exploitation of bark for triterpenic acids production, E. globulus 
and E. nitens outer barks seem to be the most promising raw materials. Considering, as 
an example, that an E. globulus kraft pulp mill with a production capacity of 5.0 x 105 
ton/year of bleached pulp can generate around 1.0 x 105 ton/year of bark, it could, in an 
integrated way, generate annually around 240 ton of ursolic acid, 80 ton of oleanolic acid, 
53 ton of betulinic acid and 50 ton of betulonic acid, among others (based in an 
inner/outer bark ratio of 8:1).  
Although these compounds were found in smaller amounts in the other species here 
studied, if considering the total amounts of bark generated every year in South American 
pulp mills using E. urograndis and E. grandis, as well as the growth potential of E. 
maidenii plantations, it may be asserted that the outer bark of these species are obvious 
candidates for the extraction of valuable triterpenic compounds. 
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4 4. Patent for triterpenic acids extraction and purification from the bark of Eucalyptus species 
 
 
In this chapter it is presented the integral text of our patent PPP 106278, 2012, which 
discloses a method for obtaining an extract enriched in triterpenic acids from Eucalyptus 
barks. The details of the method are not presented since it is in discussion with Portucel 
Soporcel group its international extension. 
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ABSTRACT 
 
“METHOD FOR OBTAINING AN EXTRACT RICH IN TRITERPENIC ACIDS FROM 
EUCALYPTUS BARKS” 
The present invention relates to a method of obtaining extracts having very high 
contents (up to 98 %) of triterpenic acids, mainly oleanolic and ursolic acids, from 
Eucalyptus barks. The method involves the solid-liquid extraction of the bark with organic 
solvents, preferably hexane, and the fractionation of the crude extract by means of a 
simple treatment with an alkaline solution, followed by separation of the aqueous phase, 
its filtration, acidification and finally isolation of the enriched triterpenic acids fraction by 
means of filtration, centrifugation or extraction with an organic solvent, preferably hexane, 
followed by solvent removal.  
The present invention has application in pharmaceuticals, nutraceuticals, cosmetics 
and functional foods industries. 
 
DESCRIPTION 
“METHOD FOR OBTAINING AN EXTRACT RICH IN TRITERPENIC ACIDS FROM 
EUCALYPTUS BARKS” 
 
Field of the invention 
The present invention relates to a method of obtaining extracts having very high 
contents (up to 98 %) of triterpenic acids, mainly oleanolic and ursolic acids, from 
Eucalyptus barks. The method involves the solid-liquid extraction of the bark with organic 
solvents, preferably hexane, and the fractionation of the crude extract by means of a 
simple treatment with an alkaline solution, followed by separation of the aqueous phase, 
its filtration, acidification and finally isolation of the enriched triterpenic acids fraction by 
means of filtration, centrifugation or extraction with an organic solvent, preferably hexane, 
followed by solvent removal.  
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Background of the invention 
Pentacyclic triterpenic acids with lupane, ursane and oleanane skeletons, like betulinic, 
ursolic, 3-acetylursolic, oleanolic and 3-acetyloleanolic acids, have a wide range of unique 
and potentially usable biological effects and pharmacological activities (Yogeeswari and 
Sriram, 2005).  
Betulinic acid is known to exhibit anti-HIV, antibacterial, antimalarial, anti-inflammatory 
and antioxidant properties (Tolstikova et al., 2006, Yogeeswari and Sriram, 2005)  
Oleanolic and ursolic acids are known also to have antimicrobial (Horiuchi et al., 2007, 
Kuete et al., 2007, Sattar et al., 1995) and significant anti-tumour activities (Li et al., 
2002), as well as anti-inflammatory properties (Singh et al., 1992). Additionally, oleanolic 
acid revealed antiallergic and anti-HIV activities (Sultana and Ata, 2008) and ursolic acid 
is a useful suppressive compound for rheumatoid arthritis treatment with low risk of gastric 
problems (Kang et al., 2008). 
The interest on bioactive natural compounds, for application in pharmaceuticals, 
nutraceuticals, cosmetics and functional foods, encouraged the development of several 
methods for obtaining vegetal extracts enriched in the above mentioned triterpenic acids. 
Several morphologic parts of plants have been described as potential sources of these 
natural compounds, as, for example, fir tree needles or bark (RU 2108803), persimmon 
leaves (CN 101538309), apple peel (EP 1250852, EP 1161879), olive leaves (WO 
2005075614), Japanese loquat leaves (US 2009275778), and birch bark (WO 
2005047304). The methodologies reported for obtaining extracts enriched in triterpenic 
acids involve the extraction of the vegetal substrates with an organic solvent system (e.g. 
ethyl alcohol, ethyl acetate, petroleum ether, acetone, hexane, chloroform, methyl-butyl 
ether, benzene, xylenes, among others) followed by complex fractionation procedures 
based on successive liquid-liquid extractions (US 6740778), column chromatography 
procedures (WO 03011891, CN 101538309, CN 101759756, US 2009275778), 
supercritical countercurrent column extraction (WO 2005075614), crystallization and 
recrystallization (WO 2006088385, RO 122244, WO 2005047304, CN 101759756, EP 
1161879), or treatment of the organic extract with alkaline solutions (RU 2151139, RU 
2108803, RU 2108107). The use of extremely hazardous organic solvents, namely 
chloroform, benzene and xylenes, and very complex fractionation procedures, when high 
purities are desired, constitute the major disadvantages of some of these technologies. 
The outer bark of several Eucalyptus species contain high amounts of several 
triterpenic acids, namely betulonic, betulinic, 3-acetylbetulinic, ursolic, 3-acetylursolic, 
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oleanolic and 3-acetyloleanolic acids, and may be explored for obtaining such bioactive 
compounds (Domingues et al., 2010, Domingues et al., 2011, Freire at al., 2002). 
The novelty of the present invention resides in the use of Eucalyptus bark residues 
(and particularly Eucalyptus globulus for obtaining extracts with high amounts (up to 98%) 
of triterpenic acids by means of solid-liquid extraction with an organic solvent, preferably 
n-hexane, followed by the fractionation through sequential alkaline/acid solutions 
treatment. The proposed method has the advantage of being highly efficient and easily 
industrialized when compared with some of the technologies available. 
 
Description 
Detailed Description 
The present invention relates to a method of obtaining extracts enriched in triterpenic 
acids, from Eucalyptus species barks, outlined in Figure 1. The method comprises four 
main steps: (1) drying and milling the bark; (2) solid-liquid extraction of the bark residues 
with an organic solvent, preferably n-hexane; (3) fractionation of this crude extract by 
treatment with an alkaline aqueous solution, followed by separation of the aqueous phase, 
its filtration and acidification; and finally; (4) isolation of the enriched solid triterpenic acids 
fraction by means of filtration, centrifugation or extraction with a non polar organic solvent, 
preferably hexane, followed by solvent removel. 
The result of this process is a whitish powder with a triterpenic acids content of about 
93-98 %. 
The bark used as raw material can be obtained from different Eucalyptus species, 
namely E. globulus, E. urograndis, E. grandis x globulus, E. maidenii E. grandis and E. 
nitens, among others. Fresh or decayed biomass can be used but should be preferably 
dried and milled before the solvent extraction. The drying and milling steps include known 
methodologies such as lyophilization, air drying, hot air drying, and any mechanical milling 
such as, e.g., blade, knife or hammer milling, respectively. 
The solvent used for extraction includes non polar organic solvents, preferably n-
hexane. This operation can be performed using conventional procedures, such as 
maceration, extraction under reflux, Soxtec, Soxhlet, accelerated solvent extraction, or 
any other solid-liquid extraction technique. 
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The crude organic extract is then treated with an alkaline aqueous solution, preferably 
NaOH or KOH, to promote the conversion of the triterpenic acids into the corresponding 
salts and its migration to the aqueous phase.  
The separation of the organic phase is performed by decantation or by any other liquid-
liquid separation technique. 
The aqueous phase is filtrated, by means of conventional methods, and acidified until 
pH<3 with preferably an inorganic acid, such as sulphuric, hydrochloric and nitric acids.  
The precipitated triterpenic acids can be finally isolated by extraction with an organic 
solvent, filtration or by centrifugation. 
 
Summary of the invention 
The object of the present invention is a method for obtaining extracts rich in triterpenic 
acids wherein it comprises the following steps: 
i)  drying and milling the Eucalyptus bark;  
ii)  extraction the bark with an organic solvent; 
iii)  fractionation of the crude extract by treatment with an aqueous alkaline solution; 
iii) separation of the aqueous phase; 
iv)  clarification by filtration; 
v)  acidification with an inorganic or organic acid; 
vi) isolation of the triterpenic acids precipitated fraction.  
 
In a preferable embodiment the method further comprises a crystallization step. 
In another preferable embodiment, the Eucalyptus bark is obtained from Eucalyptus 
species, namely E. globulus, E. urograndis, E. grandis x globulus, E. maidenii E. grandis 
and E. nitens and the residual moisture and granulometry of the bark samples are bellow 
15% and 60 mesh respectively. 
In another preferable embodiment, the organic solvent used is dichloromethane, n-
heptane, n-hexane or other non-polar solvent and the aqueous solution comprise at least 
one of: metal hydroxide (KOH or NaOH) or carbonate (Na2CO3 or K2CO3), as well as the 
corresponding hydrogenocarbonates, or phosphate (Na3PO4 or K3PO4), as well as the 
corresponding hydrogenophosphates and dihydrogenophosphates, or ammonium 
hydroxide (NH4OH), being that the pH of the alkaline aqueous solution is between 8 and 
14. 
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In another preferable embodiment, the separation is performed by decantation or 
centrifugation. 
In another preferable embodiment, the acidification of the aqueous phase is done with 
inorganic acid solutions, such as sulphuric, hydrochloric and nitric acids, and organic acid 
solutions, such as acetic, and propionic acids and the pH of the acid solution is between 1 
and 5. 
Another object of the present invention is the extracts obtained by the method 
described above wherein the purity of the purified triterpenic acids fraction is in the range 
93-98%. 
Another object of the present invention is the use of the extracts described above 
wherein they are used in pharmaceuticals, nutraceuticals, cosmetics and functional foods 
industries. 
 
Examples 
Hereinafter, the present invention is described in more detail and specifically with 
reference to the Examples, which however are not intended to limit the present invention. 
 
Solid-Liquid Extraction of outer bark 
Approximately 100 g of Eucalyptus globulus outer bark were air dried, at room 
temperature, to produce approximately 70 g of dried bark with less than 10% by weight of 
moisture, and then milled to pass through a 2 mm screen. 
The extraction of the dried milled bark was performed in a Soxhlet extraction apparatus 
with 1 L of n-hexane as solvent, at reflux temperature. The extraction lasted 6 hours.  
The evaporation, in a vacuum rotation evaporator, and drying of the above crude n-
hexane extract yield 1.1 g (1.8 wt. % yield) of a green dry crude residue. The total 
triterpenoids content of this residue was 49.1% by weight, containing 14.4% of ursolic 
acid, 12.8% of 3-acetylursolic, 5.7% of oleanolic acid, 5.3% of betulinic acid, 5.1% of 
betulonic acid and 3.5% of 3-acetyloleanolic acid, being the remaining 2.4% of other 
triterpenic compounds. 
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Fractionation of the outer bark extract 
The 1 L n-hexane crude extract was extracted with 1 L 0.1 M sodium hydroxide 
(NaOH) aqueous solution. The aqueous phase was separated from the n-hexane phase 
by decantation, and vacuum filtrated through 0.45 µm porosity nylon membranes disks, a 
clear solution being obtained. The said solution was acidified to pH < 3 with 2 M sulfuric 
acid (H2SO4) resulting in a whitish precipitate suspension. The precipitate was vacuum 
filtrated, washed with 1 L of distilled water up to neutral pH, and dried at 105 ºC for 3 h.   
407 mg of a whitish powder was obtained, consisting of a sum of triterpenic acids, with 
a minimum 97.8% by weight content composed of: 52.4% of ursolic acid, 17.3% of 
oleanolic acid, 13.2% of betulonic acid, 9.7% of betulinic acid, and 5.2% of other 
triterpenic acids (Figure 2).  
Qualitative and quantitative characterization of the crude n-hexane extract and of the 
triterpenic acids enriched fractions, produced according to the invention, was performed 
by application of Gas-chromatography coupled with mass spectrometry (GC-MS). 
 
Description of the drawings 
 
Figure 1 – Steps of the method of obtaining extracts enriched in triterpenic acids, from 
Eucalyptus species barks. 
 
Figure 2 – Typical GC-MS chromatogram of the extracts enriched in triterpenic acids 
obtained using the present methodology. IS internal standard 
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The following claims set out a particular embodiment of the invention. 
 
Lisbon, 11 April 2012 
 
CLAIMS 
1. Method for obtaining extracts rich in triterpenic acids characterized in that it comprises 
the following steps: 
i) drying and milling the Eucalyptus bark;  
ii) extraction the bark with an organic solvent; 
iii) fractionation of the crude extract by treatment with an aqueous alkaline solution; 
iv) separation of the aqueous phase; 
v) clarification by filtration; 
vi) acidification with an inorganic or organic acid; 
vii) isolation of the triterpenic acids precipitated fraction.  
 
2. Method according to claim 1, characterized in that it further comprises a crystallization 
step. 
3. Method according to any of the previous claims characterized in that the Eucalyptus 
bark is obtained from Eucalyptus species, namely E. globulus, E. urograndis, E. grandis x 
globulus, E. maidenii E. grandis and E. nitens. 
4. Method according to any of previous claims characterized in that in step i) the residual 
moisture and granulometry of the bark samples are bellow 15% and 60 mesh respectively. 
5. Method according to any of previous claims characterized in that in step ii) the organic 
solvent is dichloromethane, n-heptane, n-hexane or other non-polar solvents. 
6. Method according to any of the previous claims characterized in that the alkaline 
solution of step iii) is an aqueous solution comprising at least one of: metal hydroxide 
(KOH or NaOH) or carbonate (Na2CO3 or K2CO3), as well as the corresponding 
hydrogenocarbonates, or phosphate (Na3PO4 or K3PO4), as well as the corresponding 
hydrogenophosphates and dihydrogenophosphates, or ammonium hydroxide (NH4OH). 
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7. Method according to previous claim characterized in that the pH of the alkaline aqueous 
solution in step iii) is between 8 and 14. 
8. Method according to any of previous claims characterized in that the separation of step 
iv) is performed by decantation or centrifugation. 
9. Method according to any of the previous claims characterized in that the acidification of 
the aqueous phase in step vi) is done with inorganic acid solutions, such as sulphuric, 
hydrochloric and nitric acids, and organic acid solutions, such as acetic, and propionic 
acids. 
10. Method according to previous claim characterized in that the pH of the acid solution is 
between 1 and 5. 
11. Extracts obtained by the method described in previous claims characterized in that the 
purity of the purified triterpenic acids fraction is in the range 93-98%. 
12. Use of the extracts described in previous claim characterized in that they are used in 
pharmaceuticals, nutraceuticals, cosmetics and functional foods industries.  
 
 
Lisbon, 11 April 2012 
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Figures 
 
Figure 1
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5 
 
5. Supercritical fluid extraction of Eucalyptus bark  
 
 
 
As discussed in Chapter 2, the lipophilic components from plant sources have been 
usually extracted using organic solvents such as n-hexane. Nonetheless, the conventional 
solid-liquid extraction methods may be very time-consuming, require relatively large 
quantities of solvent, contaminate final products with the organic solvents, and degrade 
the solutes during extraction and/or solvent recovery. Furthermore, according to the 
fundamental principles of green chemistry [1], whenever possible, the design of extraction 
processes should reduce or eliminate the use and generation of substances hazardous to 
human health and the environment. In this vein, there is an increasing demand for new or 
improved extraction techniques with shortened extraction time, reduced organic solvent 
consumption, and increased pollution prevention. 
In order to overcome the problems and concerns about the use of liquid organic 
solvents in the extraction of natural products, there has been growing interest during the 
last two decades in the development of alternative and reliable methods such as 
supercritical fluid extraction (SFE). This route has also been followed in the development 
of biorefinery concepts [2]. 
As discussed previously, among all (supercritical) fluids, carbon dioxide is by far the 
most adopted solvent due to advantages such as being non-toxic, environmentally safe 
and cheap at industrial scale [3]. Comparatively to conventional liquid solvents, carbon 
dioxide has the advantage of its tunable selectivity or solvating power that can be set to 
values ranging from gas to liquid-like by changing pressure, temperature, and by adding 
small amounts of co-solvents [4]. However, the kinetic behavior of SFE from plants 
depends on several variables such as the micro-structure of plants and their parts, the 
properties of the extractable substances and of the supercritical solvent, and the different 
flow patterns in the extractor [5]. Hence, each particular SFE system must be specifically 
developed in order to achieve the target goals. 
Accordingly, this chapter discusses the applicability of SC-CO2 and SC-CO2 / co-
solvent systems on the extraction of triterpenoids from E. globulus bark, in order to 
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overcome the general drawbacks of conventional extraction methods, and bring the 
“green label” to this biorefinery concept. 
In the work of the Papers III-V, instead of using the external bark of E. globulus as raw 
material we have chosen its deciduous bark (an outer layer of dead bark tissue that is 
seasonally shed in long strips; it is also known as peeling bark or rythidome [6]) 
essentially owing to three main reasons: being an E. gobulus biomass residue essentially 
composed of external bark, it is expected to have high contents of triterpenic compounds; 
because it spontaneously peels off from the stem bark, contrarily to external bark, it does 
not need any mechanical separation, making its processing easier; it avoids felling a large 
number of trees to ensure a continuous supply of raw material of controlled origin for a 
long-term study. 
Paper III addresses preliminary studies on the SC-CO2 extraction of triterpenoids from 
E. globulus bark, with and without ethanol as modifier, and the analysis of a multistep 
operation approach. With this essay we aimed to evaluate the applicability of SFE for the 
selective and efficient production of triterpenoids from Eucalyptus bark. 
In Paper IV, the optimization of the SFE of triterpenic acids from E. globulus bark using 
experimental design was carried out in order to analyze the influence of process variables 
and their interactions upon extraction, and to identify the conditions that maximize the 
selected response variables. The experiments were performed at different temperatures 
(40 - 60 ºC), pressures (100 - 200 bar), and ethanol contents (0.0 - 5.0%). The response 
surface methodology was also implemented. 
The measurement and modeling of SFE curves of E. globulus bark are addressed in 
Paper V. The experimental curves have been modeled with simple equations like Logistic, 
Desorption, Simple Single Plate, and Diffusion models. The influence of the operating 
conditions upon yields and extract composition were evaluated, and an optimized 
stepwise extraction sequence for triterpenic acids enrichment in the extracts was tested.  
Finally, in Paper VI, the SC-CO2 extraction of methyl morolate, highly abundant in the 
bark of the hybrid Eucalyptus grandis x globulus, is studied in detail. This compound can 
be a simple precursor of morolic acid which possesses various pharmacological 
properties such as cytotoxic and anti-HIV [7, 8]. It was identified in this work for the first 
time in Eucalyptus barks, contributing for the enlargement of exploitation opportunities 
within the biorefinery concept in pulp industry. The identification of the methyl morolate 
was accomplished by GC-MS and elucidated by nuclear magnetic resonance (NMR). 
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However, the part of the work related with NMR studies, although maintained here, was 
not performed by the author. 
A brief discussion of the GC-MS spectra obtained for the main families of compounds 
may be consulted in Appendix 1. 
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Abstract  
Eucalyptus bark contains significant amounts of triterpenoids with demonstrated 
bioactivity, namely triterpenic acids and their acetyl derivatives (ursolic, betulinic, 
oleanolic, betulonic, 3-acetylursolic, and 3-acetyloleanolic acids). In this work, the 
supercritical fluid extraction (SFE) of Eucalyptus globulus deciduous bark was carried out 
with pure and modified carbon dioxide to recover this fraction, and the results were 
compared with those obtained by Soxhlet extraction with dichloromethane. The effects of 
pressure (100–200 bar), co-solvent (ethanol) content (0, 5 and 8% wt), and multistep 
operation were studied in order to evaluate the applicability of SFE for their selective and 
efficient production. The individual extraction curves of the main families of compounds 
were measured, and the extracts analyzed by GC-MS. Results pointed out the influence 
of pressure and the important role played by the co-solvent. Ethanol can be used with 
advantage, since its effect is more important than increasing pressure by several tens of 
bar. At 160 bar and 40 ºC, the introduction of 8% (wt) of ethanol greatly improves the yield 
of triterpenoids more than threefold. 
 
5.1 Introduction 
Presently, technologies based on the use of fossil fuels for energy and chemical 
production are still predominant. Nonetheless, because of dwindling feedstocks, growing 
concerns about global climate change and pollution, and stricter emission laws, new 
approaches are being sought to produce novel and better quality products to meet the 
new sustainability targets of present politic and industrial thinking [1-4]. At this point, forest 
and mill residues, agriculture crops and wastes, wood and wood wastes, animal wastes, 
livestock operation residues, aquatic plants, fast-growing trees and plants, and municipal 
and industrial wastes can play an important role. These renewable resources can be 
transformed into a variety of products, including chemicals, energy, transportation fuels, 
and materials, giving rise of the concept of biorefinery as an integral unit which accepts, 
converts and processes such feedstocks [5-8].  
For the sustainability of biorefineries, low environmental impact technologies must be 
used throughout, which may be accomplished by integrating that target into a 
performance criterion of the design. It is vital to avoid the unacceptable aspects of 
petrochemical production and avoid hazardous and environmentally harmful process 
auxiliaries, such as toxic reagents and volatile organic solvents. In this scenario, green 
chemical technologies, such as supercritical fluid extraction (SFE) [5, 9], receive particular 
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attention, and novel solvents become highly desirable, such as supercritical carbon 
dioxide (SC-CO2) and ionic liquids [1, 4, 10, 11].  
The interests of agro-forest industries, particularly pulp and paper mills, in the 
integrated exploitation of plants biomass is growing enormously, since they produce 
considerable amounts of by-products, such as bark and general logging wastes (e.g., 
leaves, branches, fruits, sawdust), which are either left in the forest for soil nutrition or 
ultimately burned in the biomass boiler for energy production. Some of these residues 
contain high value components whose extraction does not affect the current pulp and 
power outputs of existing mills. For instance, the exploitation of valuable extractives, such 
as phytosterols, namely β-sitosterol [12-14], lignans [15-17], and betulin [18, 19] from by-
products of the industrial processing (e.g. bark, wood knots, pulping liquors) is a strategy 
implemented in some pulp industries.  
In the last few years, we have been investigating the potential of Eucalyptus spp. 
residues in order to enlarge the concept “from waste to value” for pulp and paper mills [20-
26]. Bark, particularly its outer fraction, is among the most interesting eucalypt residues, 
since it contains high amounts of triterpenoids, representing 5.2, 5.7, 9.3, 22.8 and 24.6 
g/kg in Eucalyptus urograndis, Eucalyptus grandis, Eucalyptus maidenii, Eucalyptus 
globulus and Eucalyptus nitens respectively [20, 22, 23], along with monoterpenes and 
sesquiterpenes, followed by smaller amounts of fatty acids, fatty alcohols, and aromatic 
compounds [20-23]. The main triterpenoids found in several Eucalyptus species have 
lupane, oleanane and ursane structures, as shown in Figure 5.1: five triterpenic acids 
(ursolic, betulinic, oleanolic, betulonic, 3-acetylursolic and 3-acetyloleanolic acids), β-
amyrin, and the triterpenic type sterol β-sitosterol. These triterpenic acids are recognized, 
for example, as promising compounds for the development of new multi-targeting 
bioactive agents [27-30] of very high market value.  
For these reasons, the triterpenoid fraction of eucalyptus bark can justify a “high-value  
low-volume” outputs approach [6] in the integrated pulp mill biorefineries of the future. 
In this paper, the supercritical fluid extraction of triterpenoids from eucalyptus 
deciduous bark is presented. The effects of pressure, co-solvent (ethanol) content, and 
multistep operation are studied in order to enlighten subsequent investigations on the 
applicability of SFE for their selective and efficient production. The extracts obtained from 
one step and multistep operation with SC-CO2 and SC-CO2 modified with ethanol are 
analyzed. The individual cumulative extraction curves of the main families of compounds 
are also discussed in detail. 
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Figure 5.1. Major lupane, oleanane and ursane triterpenoids identified in Eucalyptus globulus bark. 
 
5.2 Results and discussion 
5.2.1 Soxhlet extraction of Eucalyptus globulus deciduous bark 
The yield of the lipophilic extractives of deciduous bark extracted with dichloromethane 
was 2.1% (wt), which is in good agreement with previous results for this biomass fraction 
of E. globulus [21]. A GC-MS chromatogram of this extract (as TMS derivatives) is shown 
in Figure 5.2. In Table 5.1 the corresponding retention times, composition and 
concentrations are listed. It may be observed that the extract is mainly composed of 
several triterpenic acids with lupane, oleanane and ursane skeletons (Figure 5.1), mostly 
ursolic acid and its acetyl derivative, 3-acetylursolic acid, accounting for 2.77 g/kg and 
2.64 g/kg, respectively, in a total of 10.74 g/kg quantified compounds. Betulonic (0.80 
g/kg), oleanolic (0.71 g/kg), 3-acetyloleanolic (0.69 g/kg) and betulinic (0.62 g/kg) acids 
are also abundant in this extract, being the main components of the triterpenoid family of 
compounds, which also includes minor amounts of β-amyrin. Several fatty acids (C14 to 
C28, accounting globally for 0.48 g/kg), mainly hexadecanoic, tetracosanoic and 
hexacosanoic acids, some long chain aliphatic alcohols (C16 to C28, accounting globally for 
0.44 g/kg), as hexacosan-1-ol, and β-sitosterol (0.24 g/kg) are also present in 
considerable amounts in the extract. 
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Table 5.1. Composition of the dichloromethane extract of Eucalyptus globulus deciduous bark. The 
retention times correspond to the chromatogram of Figure 5.2. 
r.t. 
 
(min) Compound Content (mg/kg of bark) 
 Fatty acids (FA) 482.8 
29.81 tetradecanoic acid 40.6 
34.50 hexadecanoic acid 109.2 
38.15 linoleic acid 16.7 
38.82 oleic acid 22.3 
42.10 octadecanoic acid 21.6 
48.61 docosanoic acid 27.6 
50.15 tetracosanoic acid 114.0 
55.03 hexacosanoic acid 109.3 
59.87 octacosanoic acid 21.6 
 
 
 
 Long chain aliphatic alcohols (LCAA) 445.5 
32.73 hexadecan-1-ol 96.6 
36.49 Z-9-octadecen-1-ol 81.9 
37.19 E-9-octadecen-1-ol 23.6 
37.94 octadecan-1-ol 62.6 
49.99 tetracosan-1-ol 25.6 
53.58 hexacosan-1-ol 85.9 
59.37 octacosan-1-ol 69.1 
 
 
 
 Sterols (ST) 242.5 
60.13 β-sitosterol 242.5 
 
 
 
 Triterpenoids (TT) 9001.7 
60.07 β-amyrin  313.7 
64.21 betulonic acid 797.7 
64.96 oleanolic acid 712.5 
65.86 betulinic acid 618.7 
66.18 ursolic acid 2771.9 
66.68 3-acetyloleanolic acid 691.2 
66.97 3-acetylbetulinic acid 55.1 
68.03 3-acetylursolic acid 2635.1 
 unidentified triterpenoids 405.8 
 
 
 
 
Other compounds/unidentified compounds 566.5 
 
 
 
 
Total detected compounds 10738.9 
 


96 
 
Figure 5.2. GC-MS chromatogram of the dichloromethane extract of Eucalyptus globulus 
deciduous bark. (FA, fatty acids; LCAA, long chain aliphatic alcohols; TT, triterpenoids; IS, internal 
standard-tetracosane). 
 
5.2.2 One-step supercritical fluid extraction of Eucalyptus globulus deciduous 
bark 
In this section, the results obtained for the five supercritical extractions carried out in 
one step are presented and discussed. On the whole, the extraction yields ranged from 
0.48% to 1.76% (wt), a slight increase from 100 bar to 160 bar being observed (Figure 
5.3), but a considerable jump of 103% was obtained when passing from 160 bar to 220 
bar. This behavior is due to the direct effect of pressure upon the density of CO2, which 
determines solubility at constant temperature.  
The densities of CO2, calculated with the Pitzer and Schreiber equation of state [31], 
for pressures of 100, 160, and 220 bar, are 633.1, 796.8 and 858.7 kg/m3, respectively, 
which shows the significant impact of density in the region around 800 kg/m3, a value 
typical of current organic solvents. An analogous trend was found for the extractions 
carried out at constant temperature and pressure (40 ºC, 160 bar) when the co-solvent 
(ethanol) introduced was increased from 0% to 5%, and then to 8% (wt) (Figure 5.3). In 
this sequence, the densities of the CO2 and ethanol mixtures are very similar: 796.8, 
794.2 and 795.0 [32] – but the extraction yields show two large increments (154% and 
240%). Concerning the entrainer effect, which is defined as an increase in both solubility 
and selectivity [33], the polarity modification imparted by ethanol to the non-polar CO2, 
with final positive effect on solvent power, reveals the intermolecular interactions between 
ethanol and the extract components. It is worth noting that the yield achieved at 160 bar /  
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Figure 5.3. Global extraction yields of Eucalyptus globulus deciduous bark obtained at 40 ºC with 
SC-CO2 and SC-CO2/ethanol compared to Soxhlet extraction with dichloromethane (EtOH, 
ethanol). 
 
40 ºC / 8% (wt) ethanol is close to that obtained by Soxhlet extraction with 
dichloromethane (1.8% versus 2.1%). 
Regarding the composition of those extracts, they exhibit considerable differences, 
both quantitatively and qualitatively. In Figure 5.4, the abundances of the most important 
chemical families detected are plotted together with the Soxhlet extraction results for 
comparison. The numerical values are listed in Table 5.2, where the individual 
concentrations of triterpenoids are specified, given their interest in this work.  
In the assays without co-solvent addition, the extracts show similar compositions. The 
main components are triterpenoids, particularly 3-acetylursolic, 3-acetyloleanolic and 
betulonic acids, also as β-amyrin and β-sitosterol, followed by fatty acids, (from which 
palmitic and oleic are the most representative), and minor fractions of long chain aliphatic 
alcohols. β-sitosterol was included in the triterpenoids group. Besides, considering the 
recognized biological activities of this molecule [34, 35], its eventual exploitation can be of 
relevant interest for the upgrade of E. globulus biomass residues.  
In comparison to the dichloromethane extract, it is noteworthy that the three assays 
without co-solvent have low content levels (or even an absence of content) of ursolic and 
oleanolic acids (Table 5.2), two of the main components of E. globulus deciduous bark 
(see Table 5.1). This is due to the polarity gap between them and CO2, which implies that 
higher pressure or, alternatively, a modifier is necessary to improve their solubility. This is 
clear from the successful removal of their acetylated forms (i.e., 3-acetylursolic, 
kkkkkkkkkkk 3-kkkkkkkk 
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Figure 5.4. Contents of the main families of compounds in extracts of Eucalyptus globulus 
deciduous bark obtained with SC-CO2 and SC-CO2/ethanol at 40 °C (see Table 5.2). Comparison 
with Soxhlet extraction with dichloromethane. (FA, fatty acids; LCAA, long chain aliphatic alcohols; 
TT, triterpenoids; EtOH, ethanol). 
 
 
Table 5.2. Main components and families (mg/kg of dry bark) of Eucalyptus globulus deciduous 
bark extracts obtained with SC-CO2 and SC-CO2/ethanol. Comparison with Soxhlet results using 
dichloromethane (see Table 5.1). 
 Supercritical Fluid Extraction b Soxhlet 
P (bar) 100 160 220 160 160 Dichloromethane 
7 h Ethanol (%, wt) 0 0 0 5 8 
Fatty acids 243.8 189.5 374.8 174.8 351.9 482.8 
Long chain aliphatic alcohols 246.2 173.7 226.5 345.3 253.1 445.5 
Triterpenoids 1193.4 2063.3 3273.0 5174.4 6534.1 9244.2 
β-sitosterol 190.6 131.1 236.8 272.0 261.5 242.5 
β-amyrin 137.6 91.8 171.7 151.1 168.6 313.7 
betulonic acid 198.6 399.8 648.1 653.8 731.6 797.7 
oleanolic acid ND a 49.9 79.5 661.1 691.4 712.5 
betulinic acid ND a 123.7 177.5 572.4 633.0 618.7 
ursolic acid ND a 73.0 69.4 1740.5 1779.6 2771.9 
3-acetyloleanolic acid 143.9 238.5 384.6 172.0 429.1 691.2 
3-acetylursolic acid 409.9 875.6 1377.6 820.6 1495.3 2635.1 
other/unidentified 
triterpenoids 
112.8 79.9 127.8 130.9 344.0 460.9 
Other compounds 520.4 398.3 926.2 523.6 521.9 566.5 
Total detected 2203.8 2824.8 4800.5 6218.2 7661.0 10739.0 
a ND = not detected; b Remaining SFE conditions: extraction temperature, 40 ºC; CO2 mass flow rate, 12.5 
g/min; extraction time, 3 h.  
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3-acetyloleanolic), since after esterification the polarity imparted by the hydroxyl group is 
much attenuated.  
In experiments with co-solvent addition, a significant increase (151%) of the amount of 
triterpenoids extracted with 5% (wt) ethanol (5.17 g/kg at 160 bar) was observed in 
comparison to the extract obtained with pure carbon dioxide at the same pressure and 
temperature (2.06 g/kg) - see Table 5.2. The recovery of triterpenoids was once again 
enhanced (in this case, 26%) after raising the ethanol content to 8% (wt), attaining 6.53 
g/kg of bark. These results emphasize the chief role played by solvent polarity, since such 
increments can be attributed mainly to the extraction of non-acetylated triterpenic acids. In 
fact, at 160 bar and 40 ºC, their evolution along with ethanol percentage in the 
supercritical solvent may be taken from Table 5.2: ursolic acid, 0.073, 1.74, 1.78 g/kg, and 
oleanolic acid, 0.050, 0.66, 0.69 g/kg. In conjunction, these variations account for 52.5% 
of the global increment of triterpenoids. In contrast, the two acetylated acids (acetylursolic 
and acetyloleanolic), justify only 18.6% of triterpenoid extraction enhancement. 
Compared with the dichloromethane extract, the quantities of triterpenoids obtained by  
SC-CO2/ethanol extraction reached about 70.7% of its total potential. Nonetheless, such 
yields may/should be optimized by adjusting operating conditions, such as extraction time, 
pressure, temperature, and co-solvent percentage in the SC-CO2 stream. 
On the whole, the increased amount of triterpenoids extracted is, essentially, the main 
difference between the extracts obtained with and without co-solvent, the remaining 
composition being similar.  
 
5.2.3 Stepwise SC-CO2 extraction of Eucalyptus globulus deciduous bark 
The individual cumulative curves for each family of compounds obtained in the 
stepwise extraction assay are plotted in Figures 5.5 and 5.6 as functions of the mass of 
the CO2 spent per unit mass of bark. In Figure 5.5, they are plotted as absolute weight 
(mg) of solute in the extract, while in Figure 5.6 they are normalized by their maximum 
extractable values (taken to be equal to that of the Soxhlet dichloromethane extract).  
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Figure 5.5. Cumulative extraction curves for each family of compounds obtained by stepwise 
extraction with SC-CO2 and SC-CO2/ethanol at 40 °C. (FA, fatty acids; LCAA, long cha in aliphatic 
alcohols; TT, triterpenoids; EtOH, ethanol). 
 
In the first step (120 bar, 40 ºC), one extracts mostly long chain aliphatic alcohols and 
other compounds (41% and 66% of its total potential in the bark, respectively) and low 
quantities of triterpenoids and fatty acids. Of the triterpenoids, 3-acetylursolic acid is the 
predominant component due to its higher lipophilic character, at least in comparison with 
parent ursolic acid. Moreover, it should be noted that it represents ca. 30% of the 
triterpenoids extracted by Soxhlet with dichloromethane (see Table 5.1). 
In the second step (180 bar, 40 ºC), the improved solvent power of SC-CO2 explains 
the extraction of higher amounts of triterpenoids, which increased from ca. 55 to 72 mg 
(see Figure 5.5). It is worth noting that the extraction rate of triterpenoids and fatty acids 
increases instantaneously at the beginning of this step (see Figure 5.6 also), and then 
diminishes continuously with time, as in the first step. The remaining families of 
components do not exhibit this trend. That jump is essentially justified by the effect of 
pressure upon solubility, as already observed and discussed in section 5.2.2, whereas the 
deceleration is due to the fact that the driving force to mass transfer attenuates along the 
extraction. At higher pressures the proximity between CO2 and solute molecules is 
shortened, making possible interactions with CO2 quadrupole that are almost absent at 
low densities. Increasing density leads to the creation of substantial dipole (induced or 
not) – quadrupole interactions that favor the solubility of non-acetylated triterpenic acids, 
from which the ursolic acid must be detached because it is the most abundant (ca. 68%; 
see Table 5.1). As has been mentioned above, this enhancement can be largely 
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incremented using ethanol as co-solvent, which has been accomplished in the following 
step. 
Figure 5.6 illustrates that the introduction of ethanol (5%, wt) in step 3 contributed to 
the removal of higher amounts of triterpenoids and fatty acids, which doubled from 72 to 
142 mg and from 10.8 to 22.2 mg, respectively, the variation of other families being much 
smaller. Nevertheless, this figure points out that we are still far from exhausting the total 
amount of triterpenoids present in eucalyptus deciduous bark; therefore an optimization 
work on this topic is still needed to improve the extraction yield. This will be the main 
target of future researches, in order to achieve selective and quantitative triterpenoid 
extraction using supercritical CO2 (modified or not) at economically tractable pressures. 
Considering the results of this essay, one may expect that a multistep process based 
on different operating conditions may generate extracts enriched in triterpenoids by firstly 
removing part of the aliphatic matrix (fatty acids, long chain aliphatic alcohols and other 
compounds) with supercritical CO2, since numerous substances are CO2-philic. 
 
 
 
Figure 5.6. Cumulative extraction curves of Figure 5 normalized by the corresponding contents 
obtained by Soxhlet extraction with dichloromethane taken as reference values. (FA, fatty acids; 
LCAA, long chain aliphatic alcohols; TT, triterpenoids). 
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5.3 Experimental section  
5.3.1 Chemicals 
Nonacosan-1-ol (98% purity) and β-sitosterol (99% purity) were purchased from Fluka 
Chemie (Madrid, Spain); ursolic acid (98% purity), betulinic acid (98% purity) and 
oleanolic acid (98% purity) were purchased from Aktin Chemicals (Chengdu, China); 
betulonic acid (95% purity) was purchased from CHEMOS GmbH (Regenstauf, Germany); 
palmitic acid (99% purity), dichloromethane (99% purity), pyridine (99% purity), 
bis(trimethylsilyl)trifluoroacetamide (99% purity), trimethylchlorosilane (99% purity), and 
tetracosane (99% purity) were supplied by Sigma Chemical Co (Madrid, Spain). Carbon 
dioxide was supplied with a purity of 99.95% from Praxair (Porto, Portugal). 
 
5.3.2 Bark samples 
Deciduous bark of E. globulus was randomly harvested from a 20-year-old clone 
plantation cultivated in the Eixo (40º37ʹ13.56ʺN, 8º34ʹ08.43ʺW) region of Aveiro, Portugal, 
air dried until a constant weight was achieved, and milled to granulometry lower than 2 
mm prior to extraction. Deciduous bark was selected as substrate, since it is mostly outer 
bark (very similar to the last one in terms of triterpenic acids composition) and avoids 
felling a large number of trees to ensure a continuous supply of raw material of controlled 
origin for a long-term study. 
 
5.3.3 Soxhlet extraction 
Samples of E. globulus deciduous bark (15 g) were Soxhlet-extracted with 
dichloromethane for 7 h. The solvent was evaporated to dryness, the extracts were 
weighed and the results were expressed as a percent of dry bark. Dichloromethane was 
chosen because it is a fairly specific solvent for lipophilic extractives and was used as a 
reference to evaluate the efficiency of the SFE extractions. 
 
5.3.4 Supercritical fluid extraction 
5.3.4.1 SFE apparatus  
The SFE apparatus used to carry out the extraction assays is schematically shown in 
Figure 5.7. In this diagram the CO2 taken from a cylinder is compressed to the desired 
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extraction pressure by means of a Nova Swiss gas compressor (model 5542121), and 
then heated to the desired temperature by passing through a high pressure tubing coil 
immersed in a temperature-controlled (up to ±0.5 ºC) water bath. SC-CO2 flows at the 
desired pressure and temperature conditions upwards through a packed bed of E. 
globulus deciduous bark contained in the extraction vessel (316SS; internal diameter of 
24 mm; total length of 572 mm). The extractor is heated by passing hot water through a 
heating jacket surrounding the outer surface of the vessel. The extraction pressure was 
controlled by means of a back pressure regulator, BPR (Tescom 27–1700), where 
depressurization of the extract flow stream took place. The extracts were solubilized in n-
hexane and collected in a glass trap, T1. To ensure total recovery of compounds, the gas 
flow passes through a second glass trap, T2. Both traps are kept under 0 °C immersed in 
an ethylene glycol bath. The gas flow rate and total mass of carbon dioxide used in the 
assays are measured with a coriolis-type gas flow meter (Danfoss, Mass 6000). The 
extraction pressure is measured at the exit of the extraction vessel with an accuracy of 
±0.1 MPa (Wika, model 881.14.600). Spent CO2 is vented to the atmosphere. The 
addition of co-solvent to the system was made by a liquid pump (LDC Analytical 
miniPump) coupled to the gas line between the high pressure tubing coil immersed in the 
water bath and the extraction vessel. SC-CO2 and the liquid co-solvent are mixed in a 
static mixer before entering in the extraction vessel. The co-solvent container is placed on 
a balance being the flow rate measured by weight difference and controlled by the liquid 
pump. 
 
Figure 5.7. Flow diagram of the apparatus used for the supercritical fluid extraction experiments. 
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5.3.4.2 SFE procedure 
In each run, about 30 g of milled bark were introduced in the extraction vessel. A first 
set of extractions were carried out at 100, 160 and 220 bar without the addition of co-
solvent, and a second one at 160 bar with 5% and 8% (wt) ethanol during 3 h. The 
average SC-CO2 flow rate was 12.5 g/min, and the temperature was kept at 40 ºC. The 
extracts were collected in both traps at the end of each run and combined.  
A second sequence of extractions in series was performed at 40 ºC using about 70 g of 
milled bark and 6 g/min of solvent. The following steps of 5 h were carried out: (1) 
extraction at 120 bar with pure CO2; (2) extraction at 180 bar with pure CO2; and (3) 
extraction at 180 bar with CO2 modified with 5% ethanol. The extracts were collected 
within 1 h interval in the first two steps, while in step 3 they were collected after 2 and 5 h 
of extraction time. All extracts were collected from both traps, combined and analyzed 
individually. The solvent was evaporated to dryness. The extracts were weighed and the 
results expressed as a percentage of dry bark. 
 
5.3.5 GC-MS analyses  
Before each GC-MS analysis, nearly 20 mg of dried sample were converted into 
trimethylsilyl (TMS) derivatives according to the literature [23]. GC-MS analyses were 
performed using a Trace Gas Chromatograph 2000 Series equipped with a Thermo 
Scientific DSQ II mass spectrometer, using helium as carrier gas (35 cm s−1), equipped 
with a DB-1 J&W capillary column (30 m × 0.32 mm i.d., 0.25 µm film thickness). The 
chromatographic conditions were as follows: initial temperature: 80 ºC for 5 min; 
temperature rate of 4 ºC min−1 up to 260 ºC and 2 ºC min−1 until the final temperature of 
285 ºC; maintained at 285 ºC for 10 min; injector temperature: 250 ºC; transfer-line 
temperature: 290 ºC; split ratio: 1:50. The MS was operated in the electron impact mode 
with electron impact energy of 70 eV and data collected at a rate of 1 scan s−1 over a 
range of m/z 33 -700. The ion source was maintained at 250 ºC. 
For quantitative analysis, the GC-MS instrument was calibrated with pure reference 
compounds, representative of the major lipophilic extractives components (namely, 
palmitic acid, nonacosan-1-ol, β-sitosterol, betulinic acid, ursolic acid and oleanolic acid), 
relative to tetracosane, the internal standard used. The respective multiplication factors 
needed to obtain correct quantification of the peak areas were calculated as an average of 
six GC-MS runs. Compounds were identified, as TMS derivatives, by comparing their 
mass spectra with the GC-MS spectral library, with data from the literature [23, 36-41] 
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and, in some cases, by injection of standards. Two aliquots of each extract were 
analyzed. Each aliquot was injected in triplicate. The results presented are the average of 
the concordant values obtained for each part (less than 5% variation between injections of 
the same aliquot and between aliquots of the same sample). 
 
5.4 Conclusions  
In this work, eucalyptus deciduous bark was investigated as a source of triterpenoids 
due to their interest as new bioactive agents. The main components are ursolic acid and 
its acetyl derivative, 3-acetylursolic acid, which accounted for 2.77 and 2.64 g/kg, 
respectively, in a total of 10.74 g/kg of quantified compounds. The supercritical fluid 
extraction with pure and modified carbon dioxide was evaluated by carrying out 
experiments at 40 ºC at pressures from 100 to 220 bar. Pressure has a large influence 
upon the extraction yield and on the concentrations of the extracts. Furthermore, the 
introduction of 8% (wt) of ethanol at 160 bar and 40 ºC more than trebles the yield of 
triterpenoids, which highlights the important role played by co-solvent in this extraction. 
Hence, ethanol may be used with advantage, since its effect is more important than 
increasing pressure by several tens of bar. Taking into account the additional multistep 
extraction performed in series in this work, the results showed that an appropriate 
combination of operating conditions may generate extracts enriched in triterpenoids. 
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Abstract 
The supercritical CO2 extraction of E. globulus deciduous bark was carried out at 
different temperatures (40-60 ºC), pressures (100-200 bar), and ethanol contents (0.0-
5.0%) to study triterpenic acids (TTAs) recovery. A factorial design of experiments and 
response surface methodology were implemented to analyze the influence of these 
variables upon extraction and perform its optimization. The best conditions were 200 bar, 
40 ºC and 5% ethanol, for which the statistically validated regression models provided: 
extraction yield of 1.2% (wt), TTAs concentration of 50%, which corresponds to TTAs yield 
of 5.1 g/kg of bark and a recovery of 79.2% in comparison to the Soxhlet value. The 
trends of the free and acetylated TTAs were very different, due to their distinct CO2–philic 
character caused by dissimilar polarities: the acetyl derivatives approached a plateau near 
200 bar and 5% ethanol, while the free TTAs extraction always increased in the range of 
conditions studied. 
 
5.5 Introduction 
During the last decade the interest in biosourced products obtained from biomass, 
particularly biomass wastes, has increased. Such renewable resources can be 
transformed into chemicals, energy, transportation fuels, and materials, being on the basis 
of the concept of biorefinery [1, 2]. In the long term it is expected that many crops will be 
grown to supply future biorefineries. Nonetheless, presently, the development of this 
concept is largely concentrated in the exploitation of biomass by-products from existing 
and well established agro-forest industries. 
Eucalyptus spp. are extensively used for the pulp and paper production with 
Eucalyptus grandis and Eucalyptus urograndis as the preferred species in South America 
(3.75 million ha of plantation), and Eucalyptus globulus in Iberian countries (1.29 million 
ha of plantation) [3]. Pulp and paper mills are particularly interested on the integrated 
exploitation of plants biomass, since they produce considerable amounts of residues, 
such as bark and general logging wastes (e.g., leaves, branches, fruits, sawdust), which 
are either left in the forest for soil nutrition or ultimately burned in the biomass boiler for 
energy production [4]. Some of these residues contain high value components that can be 
extracted before burning, i.e. without affecting the current outputs (pulp and power) of the 
existent mills. The exploitation of valuable extractives, such as phytosterols, namely β-
sitosterol [5, 6], lignans [7], and betulin [8], from by-products (e.g. bark, wood knots, 
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pulping liquors) of wood industrial processing are examples of this strategy implemented 
in some pulp industries. 
In the last few years, we have been investigating the potential of Eucalyptus spp. 
residues in order to extend the concept “from waste to value” to pulp and paper mills [4, 9-
14]. In these studies it is reported that the outer barks of several Eucalyptus species 
contain high amounts of triterpenoids (5.2 - 24.6 g/kg of bark, depending on the species), 
along with monoterpenes and sesquiterpenes, followed by smaller amounts of fatty acids, 
fatty alcohols, and aromatic compounds [4, 9-11]. The triterpenoids fraction is mainly 
composed of triterpenic acids (TTA), namely, betulonic, betulinic, 3-acetylbetulinic, ursolic, 
3-acetylursolic, oleanolic and 3-acetyloleanolic acids (Figure 5.8). These TTAs exhibit a 
wide range of biological activities, being recognized as promising compounds for the 
development of new multi-targeting bioactive agents [15-18]. Hence, their extraction may 
justify a “high-value low-volume” output approach in pulp mill integrated biorefineries. 
 
Figure 5.8. Main triterpenic acids identified in E. globulus bark. 
 
It is vital for future biorefineries to be based on green technologies, where novel 
solvents like supercritical carbon dioxide (SC-CO2) and ionic liquids are highly desirable 
[19-21]. In particular, SC-CO2 has been successfully employed in the extraction of 
numerous vegetable matrices mainly due to its favorable transport properties and tunable 
solvent strength, allied to low price and non-toxicity. Supercritical fluid extraction (SFE) 
applications have been extensively reviewed over the years [22, 23]. 
The SC-CO2 has been successfully applied in the extraction of triterpenes from several 
vegetable raw materials as, for instance, betulin from the bark of Betula platyphylla [24] or 
ursolic and oleanolic acids from the seeds of Plantago major [25]. We have recently 
published [26, 27] some results on the SFE of TTAs from E. globulus deciduous bark with 
pure and modified CO2, where it is demonstrated the chief influence of pressure and the 
important role played by ethanol (cosolvent) upon the extraction yields.  
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These results induced us to carry out a detailed experimental programme with the 
objective of evaluating the individual and combined effects of the SFE operating 
conditions (pressure, temperature, and cosolvent content) upon the yield and quality of 
the extracts of E. globulus deciduous bark. Such quality was measured in terms of the 
concentration of TTAs in the final extracts. For this purpose, a design of experiments 
(DOE) was followed in order to identify the main factors and interactions influencing the 
measured responses. The response surface methodology (RSM) was adopted to 
establish validated response functions.  
 
5.6 Materials and Methods 
5.6.1 Bark samples 
Deciduous bark of E. globulus was randomly harvested from a 20-year-old clone 
plantation cultivated in Eixo (40º37'13.56’’N, 8º34’08.43’’W), region of Aveiro, Portugal. 
The bark was then dried in an oven at 40 ºC during approximately 72 h, reaching final 
moisture content between 2 and 5%, milled to granulometry lower than 2 mm prior to 
extraction, and stored in hermetically sealed bags until use. Deciduous bark was selected 
as substrate, since it is mostly outer bark (which favours the TTAs concentration) and 
avoids felling a large number of trees to ensure a continuous supply of raw material of 
controlled origin for a long-term study. 
 
5.6.2 Chemicals 
Nonacosan-1-ol (98% purity) and β-sitosterol (99% purity) were purchased from Fluka 
Chemie (Madrid, Spain); ursolic acid (98% purity), betulinic acid (98% purity), and 
oleanolic acid (98% purity) were purchased from Aktin Chemicals (Chengdu, China); 
betulonic acid (95% purity) was purchased from CHEMOS GmbH (Regenstauf, Germany); 
palmitic acid (99% purity), dichloromethane (99% purity), pyridine (99% purity), 
bis(trimethylsilyl)trifluoroacetamide (99% purity), trimethylchlorosilane (99% purity), and 
tetracosane (99% purity) were supplied by Sigma Chemical Co (Madrid, Spain). Carbon 
dioxide was supplied with a purity of 99.95% from Praxair (Porto, Portugal). 
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5.6.3 Soxhlet extraction 
Samples of E. globulus deciduous bark (around 25 g) were Soxhlet-extracted with 
dichloromethane for 7 h. The solvent was evaporated to dryness, the extracts were 
weighed, and the results were expressed in percent of dry bark. The results from Soxhlet 
extraction were used as reference to measure the efficiency of the supercritical 
extractions. Dichloromethane was chosen because it is a fairly specific solvent for 
lipophilic extractives. 
 
5.6.4 Supercritical fluid extractions 
Supercritical extraction experiments were performed in an apparatus purchased from 
Applied Separations (USA) (Figure 5.9). In this system, the liquid CO2 taken from a 
cylinder is compressed to the desired extraction pressure by means of a cooled liquid 
pump after which it goes through a Coriolis mass flow meter used to measure the CO2 
flow rate. The liquid stream is then heated to the operating temperature in a vessel placed 
before the extractor column. The solvent in the supercritical state then flows through the 
extractor where the sample was previously loaded. Afterwards, the effluent from the 
extractor is depressurized in a heated backpressure regulator valve and bubbled in 
ethanol to capture the extract for subsequent GC-MS analysis. The spent CO2 is vented to 
the atmosphere. The addition of cosolvent to the system is accomplished by a liquid pump 
(LabAlliance Model 1500) coupled to the gas line between the mass flow meter and the 
heating vessel placed before the extractor column, in order to mix both CO2 and cosolvent 
before feeding the extraction vessel. The cosolvent flow rate is controlled by the liquid 
pump. 
In each run, 70 - 80 g of milled bark was introduced in the extraction vessel. A constant 
CO2 mass flow rate of 6 g.min-1 was used in all extractions during 6 h, totalizing 2.2 kg of 
spent carbon dioxide. Table 5.3 lists the remaining experimental conditions: temperature, 
T, pressure, P, and cosolvent (ethanol) added to CO2, EtOH. The solvent was evaporated 
first in a rotary evaporator, then in a nitrogen stream and finally in a vacuum oven at 60 ºC 
for 6 h. The extracts were weighed and the results expressed in percentage of dry bark. 
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Figure 5.9. Supercritical fluid extraction unit. 
 
Table 5.3. Codification and levels of the three independent variables considered for the SFE 
factorial design of experiments. 
 
 
5.6.5 Design of experiments and response surface methodology 
RSM is a useful tool used for analyzing the relationships between measured responses 
(dependent variables) and factors (independent variables), allowing to minimize 
experimentation and leading to correlations that can be used for optimization purposes 
[28]. 
In this work, it was studied the influence of temperature (40 – 60 ºC), pressure (100 – 
200 bar) and cosolvent addition (0 – 5% wt.) upon the extraction yield, triterpenic acids 
recovery, and their respective concentrations in extracts. The remaining independent 
variables (e.g., solvent flow rate, extraction time, and bark particle size) were kept 
constant during the experimental procedures. In Table 5.3, the levels of the independent 
variables under investigation are listed. In the whole, 26 experiments have been carried 
Variable 
Level Correspondence 
Low (-1) Medium (0) High (+1) 
Pressure ( PX ) 100 bar 150 bar 200 bar 
Temperature )( TX  40 ºC 50 ºC 60 ºC 
Ethanol content )( EtOHX  0.0% 2.5% 5.0% 
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out in this essay. Nonetheless, in order to perform with advantage a full 33 factorial design 
of experiments, 6 results from a previous publication [26] have been also included to 
complement and enrich the statistical analysis of our work. 
The three levels defined in Table 5.3 for each factor were codified according to Eq. 1, 
so that their ranges of variation lie between -1 and 1: 
k
k
k
x
xxX
∆
−
=
0
 
(1) 
where kX  is the coded value of the independent variable
 
kx , 0x  is its real value at the 
center point, and kx∆  is the step change in variable k . In a system involving three 
significant independent variables, the mathematical relationship of each response on 
these variables is approximated by the general quadratic polynomial: 
where Y  is the response, 0β
 
is a constant, 1β , 2β  and 0β are the linear coefficients, 12β , 
12β , 13β
 
and 23β  are the interaction or crossed coefficients, and 11β , 22β
 
and 33β
 
 are 
the quadratic coefficients. 
STATISTICA software (version 5.1, StatSoft Inc., Tulsa, USA) was used for statistical 
treatment of the results. Analysis of variance (ANOVA) was employed to assess the 
statistically significant factors and interactions using Fisher’s test and its associated 
probability ( )Fp , while t-tests were performed to judge the significance of the estimated 
coefficients in each model. The determination coefficients, 2R , and their adjusted values, 
2
adjR ,  were used to evaluate the goodness of fit of the regression models. 
In order to check the reproducibility of our experiments and the applicability of the 
models for subsequent predictions, additional runs were performed: (i) replicates at [200 
bar, 60 ºC, 0.0% EtOH; runs 32 and 33 in Table 5.4] and [200 bar, 60 ºC, 5.0% EtOH; 
runs 34 and 35 in Table 5.4] for the reproducibility assessment, and one run at [170 bar, 
50 ºC, 2.5% EtOH, run 31, see Table 5.4] to construct the validation set of the model. This 
set includes also three experiments retrieved from previous work [26], at [140 bar, 0% 
EtOH, and 40/50/60 ºC; runs 28-30 in Table 5.4]. 
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5.6.6 GC-MS analyses 
 Before each GC-MS analysis, nearly 20 mg of dried sample were converted into 
trimethylsilyl (TMS) derivatives according to the literature [11]. GC-MS analyses were 
performed using a Trace Gas Chromatograph 2000 Series equipped with a Thermo 
Scientific DSQ II mass spectrometer, using helium as carrier gas (35 cm s-1), equipped 
with a DB-1 J&W capillary column (30 m × 0.32 mm i.d., 0.25 µm film thickness). The 
chromatographic conditions were as follows: initial temperature: 80 °C for 5 min; 
temperature rate of 4 °C min -1 up to 260 °C and 2 °C min -1 till the final temperature of 285 
°C; maintained at 285 °C for 10 min; injector tempe rature: 250 °C; transfer-line 
temperature: 290 °C; split ratio: 1:50. The MS was operated in the electron impact mode 
with electron impact energy of 70 eV and data collected at a rate of 1 scan s-1 over a 
range of m/z 33-700. The ion source was maintained at 250 °C. 
For quantitative analysis, the GC-MS instrument was calibrated with pure reference 
compounds, representative of the major lipophilic extractives components (namely, 
palmitic acid, nonacosan-1-ol, β-sitosterol, betulinic acid, ursolic acid and, oleanolic acid), 
relative to tetracosane, the internal standard used. The respective multiplication factors 
needed to obtain correct quantification of the peak areas were calculated as an average of 
six GC-MS runs. Compounds were identified, as TMS derivatives, by comparing their 
mass spectra with the GC-MS spectral library (Wiley, NIST Mass Spectral Library 1999), 
with data from the literature [11, 29, 30] and, in some cases, by injection of standards. 
Each sample was injected in triplicate. The results presented are the average of the 
concordant values obtained for each sample (less than 5% variation between injections of 
the same sample). 
 
5.7 Results and discussion 
The main objective of this work is to study the SC-CO2 extraction of E. globulus 
deciduous bark maximizing TTAs yield and their concentration in extracts. Taking into 
account the structures of the TTAs (Figure 5.8), particularly the different polarities 
between free TTAs (ursolic, oleanolic, betulinic, and betulonic acids) and acetylated TTAs 
(3-acetylursolic, 3-acetyloleanolic acids and 3-acetylbetulinic), they exhibit distinct 
solubilities in SC-CO2. Accordingly, five responses of interest were studied in parallel 
based on the 33 full factorial DOE, specifically total extraction yield, TTAs yield, their 
respective free and acetylated yields, and TTAs concentration.   
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Table 5.4. Results of the SFE of E. globulus bark samples considered in this work. 
Exp Objective† XP XT XEtOH 
Extraction 
Yield 
(%, wt) 
Yield TTA (mg/kgbark) TTA 
concent. 
(%, wt) Free Acetylated. Total 
1* DOE -1 -1 -1 0.27 67.1 368.3 435.4 16.12 
2 DOE 0 -1 -1 0.46 339.4 764.5 1103.9 23.89 
3* DOE 1 -1 -1 0.57 403.0 1437.3 1840.3 32.04 
4* DOE -1 0 -1 0.09 22.6 28.4 51.0 5.67 
5 DOE 0 0 -1 0.46 353.5 729.9 1083.4 23.62 
6* DOE 1 0 -1 0.53 690.6 1300.9 1991.5 37.61 
7* DOE -1 1 -1 0.04 17.7 27.8 45.6 11.39 
8 DOE 0 1 -1 0.33 169.1 425.6 594.7 18.02 
9* DOE 1 1 -1 0.77 495.1 1044.7 1539.7 20.00 
10 DOE -1 -1 0 0.50 535.3 1158.6 1693.9 33.92 
11 DOE 0 -1 0 0.81 1252.8 2080.0 3332.8 41.35 
12 DOE 1 -1 0 0.86 1339.2 1987.4 3326.6 38.84 
13 DOE -1 0 0 0.34 261.0 630.9 891.9 26.12 
14 DOE 0 0 0 0.66 894.2 1461.8 2356.0 35.67 
15 DOE 1 0 0 0.83 1330.6 2082.2 3412.8 40.97 
16 DOE -1 1 0 0.14 26.4 51.2 77.6 5.71 
17 DOE 0 1 0 0.71 738.4 1390.5 2128.9 29.85 
18 DOE 1 1 0 0.92 1083.0 1922.7 3005.7 32.56 
19 DOE -1 -1 1 0.70 1164.5 1715.7 2880.3 41.15 
20 DOE 0 -1 1 0.91 1783.9 1785.9 3569.8 39.14 
21 DOE 1 -1 1 1.23 2744.2 2205.1 4949.4 40.24 
22 DOE -1 0 1 0.56 747.8 1060.1 1807.8 32.28 
23 DOE 0 0 1 0.92 1412.4 1599.1 3011.6 32.66 
24 DOE 1 0 1 1.03 2285.5 2156.2 4441.7 43.12 
25 DOE -1 1 1 0.14 136.2 200.0 336.2 24.02 
26 DOE 0 1 1 0.79 1207.3 1436.0 2643.3 33.37 
27 DOE 1 1 1 1.00 2227.5 2114.8 4342.3 43.00 
28* Valid. -0.2 -1 -1 0.43 296.7 657.9 954.6 22.2 
29* Valid. -0.2 0 -1 0.41 286.7 599.9 886.6 21.6 
30* Valid. -0.2 1 -1 0.26 176.8 325.0 501.8 19.3 
31 Valid. 0.4 0 0 0.68 1040.0 1368.4 2408.4 35.4 
32 Reprod. 1 1 -1 0.74 498.6 998.2 1496.8 20.1 
33 Reprod. 1 1 -1 0.76 520.1 1101.6 1621.7 21.2 
34 Reprod. 1 1 1 0.94 2000.5 1811.2 3811.7 40.5 
35 Reprod. 1 1 1 1.01 2103.5 1978.2 4081.7 40.4 
† DOE = Design of Experiments; Valid.= Validation Set; Reprod.= Reproducibility Set 
* Retrieved from [26] 
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The results of the 35 SFE runs considered in this work are collected in Table 5.4, along 
with the three independent variables in coded form. Globally, there are 21 new 
experiments for the DOE, 4 for reproducibility test, and 1 for the validation of the models; 
the remaining 6 results were taken from de Melo et al. [26].  
Within the experimental space considered, the total extraction yield ranged from 0.04% 
(wt) in run 7 [100 bar, 60 ºC, 0% EtOH] to 1.2% (wt) in run 21 [200 bar, 40 ºC, 5% EtOH]. 
Regarding the extraction of TTAs, experimental runs led to a minimum of 0.05 g/kg of bark 
and a maximum of 4.95 g/kg of bark, which correspond to 0.7 and 76.8% of the reference 
value measured by conventional Soxhlet, respectively. The TTAs concentration in the 
extracts ranged from 5.7 % in runs 4 [100 bar, 50 ºC, 0% EtOH] and 16 [100 bar, 60 ºC, 
2.5% EtOH] to 43.0% obtained in run 27 [200 bar, 60 ºC, 5% EtOH].  
In order to investigate the main factors and interactions influencing the five responses 
of interest, and to evaluate their trends upon variation of the factors within the ranges 
considered, polynomial regressions were fitted following the RSM. The regression 
coefficients obtained for each response using coded variables, are listed in Table 5.5. The 
statistically significant coefficients at 95% confidence level are highlighted in bold. 
Concerning the fitting adequacy, the obtained models represented well the experimental 
data ( 2R  in the range of 0.857 to 0.983). The regression for the TTAs concentration was 
the only which led to determination coefficients below 0.9, namely 857.02 =R and
782.02adj =R . If compared within each response, the adjusted determination coefficients
( )2adjR , that take into account both 2R  and the degrees of freedom, did not differ notably 
from their corresponding 2R . It is known that when 2R and 2adjR  differ considerably the 
model is prone to include non-significant terms [28]. 
The coefficients that were not significant (t-test, 17 degrees of freedom, 05.0>p )  
were removed from the general polynomial, Eq. 2. Then the final models were refitted to 
data and converted to uncoded variables, namely, extraction pressure (in bar), 
temperature (in ºC), and content of ethanol added to SC-CO2 (%, wt). The reduced 
experimental equations are shown in Table 5.6. In all models the individual factors 
(pressure, temperature and ethanol content) revealed to be statistically significant. From 
the signal of the coefficients, it may be figured out the positive or negative impact of these 
factors upon the responses. In all cases, pressure and ethanol addition favored the 
results, while temperature was seen to unfavorably affect all responses. It is well known 
that an isobaric increase of temperature decreases the SC-CO2 density, thus reducing its 
solvent power. On other hand, the vapor pressure of solutes increases with temperature, 
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which increments their solubilities in the supercritical solvent. Taking into account that the 
measured extraction yields evidence no enhancement with temperature (at the same 
pressure), it is possible to conclude that in the range of our experimental conditions the 
density reduction prevails over vapor pressure increase. This behavior can be seen in 
Figure 5.10, where the total extraction (Figure 5.10a) and the TTAs (Figure 5.10b) yields 
are plotted as functions of P  and T  for 5% EtOH addition. However, this trend is more 
pronounced at low pressure (100 bar) due to the large compressibility of CO2 near the 
critical point. At 200 bar this effect is much more attenuated but not eliminated. 
 
Figure 5.10. Response surfaces plotting the effects of pressure and temperature over: (a) total 
extraction yield, and (b) triterpenic acids yield, for 5% EtOH content. Dots are experimental data, 
and surfaces are given by Eqs. (3) and (6) (Table 5.6), respectively.  
 
5.7.1 Total extraction yield 
Figure 5.11 shows the fitted response surface for the total extraction yield (Eq. 3 in 
Table 5.6) at 40 ºC, where dots represent experimental data. One may conclude that the 
regression model is in good agreement with the lab results, which is also confirmed by the 
determination coefficients found ( 956.02 =R
 
and 943.02adj =R ). The unbiased distribution 
of the points near the diagonal in Figure 5.12, where predicted yields are plotted against 
the measured values, also confirms this assertion. This trend was also observed in the 
other responses studied. All the independent variables ( P , T , and % EtOH) ( 001.0<p , 
as well as the interactions TP −  ( 001.0<p ) and EtOH%−T  ( 008.0=p ), affected the 
total extraction yield significantly (see Table 5.5 or the reduced model (Eq. 3) in Table 
5.6). 
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Table 5.5. Regression coefficients of the quadratic model given by Eq. (2), their individual significance at 95% confidence level, and respective determination 
coefficients for the full model (FM). 
Regressed Coefficients 
of Eq. (2) 
 Total Extraction 
Yield 
 TTAs Extraction Yield  TTAs Concentration 
  Free TTAs  Acetylated TTAs Total  
 FM p  FM P  FM p  FM p  FM p 
β0 
 
0.688148 <0.001  865.6926 <0.001  1486.411 <0.001  2352.211 <0.001  33.93259 <0.001 
β1 
 
0.275556 <0.001  534.45 <0.001  611.6833 <0.001  1146.128 <0.001  7.333333 <0.001 
β2 
 
-0.08167 <0.001  -196.039 <0.001  -271.639 <0.001  -467.794 <0.001  -4.93167 0.001 
β3 
 
0.208889 <0.001  619.5111 <0.001  452.5278 <0.001  1072.039 <0.001  7.812222 <0.001 
β12 
 
0.098333 <0.001  75.48333 0.047  201.3333 0.003  276.8 0.004  2.875833 0.072 
β13 
 
0.0325 0.140  310.6167 <0.001  11.825 0.844  322.4667 0.001  -2.29667 0.144 
β23 
 
-0.0625 0.008  -166.167 <0.001  -73.6583 0.230  -239.733 0.011  0.208333 0.891 
β11 
 
-0.08778 0.009  -40.2611 0.430  -103.017 0.235  -143.45 0.242  -1.68778 0.437 
β22 
 
0.017222 0.569  -14.7944 0.770  0.95 0.991  -13.4833 0.911  -1.71278 0.430 
β33 
 
-0.04111 0.184  74.75556 0.152  -285.017 0.003  -210.517 0.093  -2.92444 0.186 
 
                
R2  0.965   0.983   0.947   0.973   0.857   
R2Adjust  0.947   0.974   0.919   0.959   0.782   
 
Table 5.6. Reduced experimental models (RM) fitted to the responses of the 27 DOE runs of Table 5.4. 
Response  Reduced Experimental Models R2 R2adj Eq. 
Extraction yield (%, wt) EtOH T0025000.0000019667.0000035111.020826.00062111.0031412.043343.0 21 −+−++−= TPEtOHEtOHPTY
 
0.956 0.943 (3) 
Free TTAs (mg/kgbark) EtOHPEtOHTCoSolvPTY 4849.26467.640.2070717.3632.2543.8692 +−+−−=
 
0.980 0.974 (4) 
Acetylated TTAs (mg/kgbark) TPEtOHEtOHPTY 40267.002.409603.458997.7564.870.3224 23 ++−−−=
 
0.938 0.923 (5) 
Total TTAs (mg/kgbark) EtOHPEtOHTTPEtOHPTY 5797.25893.95536.054.521207.1185.1055.38564 +−++−−=
 
0.966 0.955 (6) 
TTAs concentration (mg/kgbark) EtOHPTY 1249.314667.049317.0562.245 ++−=
 
0.780 0.751 (7) 
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As previously referred, both P and % EtOH have a positive effect upon the extraction 
yield. By comparing the results measured at 200 bar and 0% EtOH (0.57%, wt) and 100 
bar and 5% EtOH (0.76%, wt), one conclude that 5% EtOH leads to an extraction 
enhancement higher than that achieved by a 100 bar increment. This behavior 
emphasizes the chief role played by cosolvent due to the polarity modification imparted to 
the supercritical solvent. 
Despite the apparent benefit of cosolvent upon the extraction yield, it may increase the 
solubility of both valuable and nonvaluable compounds. For this reason, detailed 
responses regarding TTAs extraction and their concentration will be analyzed in the next 
sections.  
 
 
 
Figure 5.11. Response surface showing the 
effect of pressure and ethanol content on the 
total extraction yield at 40 ºC. Dots are 
experimental data, and surface is given by Eq. 
(3) (Table 5.6).  
Figure 5.12. Measured versus predicted total 
extraction yield (%, wt). 
 
 
5.7.2 Triterpenic acids extraction yield 
The fitted surfaces and experimental data of the overall TTAs extraction yield (Eq. 6 
in Table 5.6) and their individual subgroups – free TTAs (Eq. 4 in Table 5.6) and 
acetylated TTAs (Eq. 5 in Table 5.6) – are illustrated in Figures 5.13a, 5.13b and 5.13c, 
respectively, for the constant temperature of 40 ºC. 
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The overall TTAs extraction yield clearly depends not only on the ethanol content
                
( 001.0<p ) and pressure ( 001.0<p ) but also on their combined effect ( 001.0<p ), in a 
very parallel way to that seen above for total extraction yield. It should be pointed out that 
experiments without cosolvent addition moderately uptake this family of compounds 
comparatively to the removal achieved by Soxhlet extraction with dichloromethane. For 
instance, the maximum and minimum values obtained without cosolvent are 2.00 [200 
bar, 50 ºC] and 0.05 g/kg [100 bar, 60 ºC], while the introduction of ethanol raises them to 
4.95 [200 bar, 40 ºC] and 0.34 [100 bar, 60 ºC], respectively; these values correspond to 
30.9, 0.7, 76.9 and 5.2 % of the TTAs yield registered by Soxhlet extraction.  
With regard to the individual contributions of the free TTAs (Figure 5.13b) and acetyl 
derivatives (Figure 5.13c) to the whole triterpenic acids family at 40 ºC, considerable 
differences between their trends can be perceived: while the extraction of acetylated 
molecules increase with pressure and cosolvent content until reaching a plateau near 200 
bar and 5% EtOH, the free TTAs removal does not stabilize within the range of conditions 
studied. Acetylated TTA are extracted in large extent with pure CO2, attaining 65.6% of 
the Soxhlet reference value at 200 bar and 40 ºC, because of their higher nonpolar 
character and thus higher affinity to SC-CO2. This behavior is confirmed by their 
contributions to the overall extraction of TTAs: there are 78% of acetylated acids at 100 
bar and 85% at 200 bar. Consequently, without the aid of EtOH, the global TTAs 
extraction remains reliant on the acetylated TTAs contribution, as the yield of the free 
acids is too low to play a relevant role.  
On the other hand, the increased polarity imparted by ethanol favors molecular 
interactions between the supercritical solvent and the more polar triterpenoids, increasing 
the removal of free triterpenic acids (2.74 g/kg of bark for 200 bar,40 ºC, 5% EtOH, 
corresponding to 62.8% of the Soxhlet extraction value) and thus the overall TTAs 
extraction yield. This subgroup is the most abundant of the TTAs existent in the bark and 
represents 67.7% of their respective Soxhlet content.   
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Figure 5.13. Response surfaces at 40 ºC showing the effects of pressure and ethanol content on 
the (a) total TTAs extraction yield, (b) individual contribution of acetylated TTAs, and (c) individual 
contribution of free TTAs. Dots are experimental data, and surfaces are given by Eqs. (6), (5) and 
(4) (Table 5.6), respectively.  
 
5.7.3 Triterpenic acids concentration in extracts 
Figure 5.14a and 5.14b plot the experimental TTAs concentration in the extracts along 
with the regressed surfaces (Eq. 7 in Table 5.6) at 40 and 60 ºC, respectively.  
Despite the lower correlation coefficients achieved (Table 5.6), the fitted model 
reasonably describe the experimental results and trends. The maximum concentration 
predicted by the model rounds 50 % (wt) and it is achieved at 200 bar, 40 ºC, 5% EtOH 
(Figure 5.14a). This result is overestimated since the experimental concentration is 43.0% 
(wt). On the other hand, the minimum at 40 ºC totals 16 % (wt), being obtained at 100 bar 
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without ethanol addition. The pressure range of 100 to 150 bar, and 0% EtOH correspond 
to the poor extraction conditions in terms of purity: between 15 and 25% only. 
The aforepresented results revealed to be possible to boost TTAs extraction using the 
combination of both pressure and ethanol addition, as they expose that the same 
conditions that favor the increase of the total extraction yield also lead to an enhancement 
of the TTA concentration in the extracts.  
 
Figure 5.14. Response surface showing the effect of pressure and ethanol content on triterpenic 
acids concentration in the extracts for: (a) T = 40 ºC, and (b) T = 60 ºC. Dots are experimental 
data, and surface is given by Eq. (7) (Table 5.6). 
 
3.4 Reproducibility and validation tests 
As formerly stated, some runs were carried out to test the experimental reproducibility 
and assess the validation of regressed models. In this respect, two replicates of runs 9 
and 27 were considered (runs 32–35), while runs 28 to 31 were used for validation 
purposes. The individual responses are compiled in Table 5.7, together with the 
calculated averages ( y ) and standard deviations ( SD ) for the reproducibility set, and the 
average absolute relative deviations (AARDs) for the validation set. 
With regard to the reproducibility tests, the results show that, in general, the standard 
deviations are within 2–8% of the averages, indicating that the sample-to-sample 
reproducibility is very acceptable considering that natural raw materials are involved in the 
experiments.  
With regard to the models validation, it is possible to observe that they provide reliable 
estimates of the measured data. Note that the validation set is included in the 
experimental space but was established for conditions not considered in the design of  
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Table 5.7. Calculated results for the reproducibility and validation tests. 
Run  P  (bar) 
T  
(ºC) 
EtOH 
(%, wt) 
Total Extraction 
Yield 
(%, wt) 
TTAs Yield (mg/kgbark) TTAs Concentration 
(%, wt) Free TTAs Acetylated TTAs Total 
Predict. 
(Eq. 3) Exp 
Predict. 
(Eq. 4) Exp 
Predict. 
(Eq. 5) Exp 
Predict. 
(Eq. 6) Exp 
Predict. 
(Eq. 7) Exp 
Validation Set           
28a 140 40 0 0.44 0.43 259.5 296.7 870.4 657.9 1153.7 954.6 25.4 22.2 
29a 140 50 0 0.40 0.41 214.6 286.7 558.5 599.9 870.2 886.6 20.4 21.6 
30a 140 60 0 0.37 0.26 169.6 176.8 246.6 325.0 586.8 501.8 15.5 19.3 
31 170 50 2.5 0.77 0.68 1092.6 1040.0 1663.1 1368.4 2566.0 2408.4 32.7 35.4 
Average absolute relative deviations: AARD = 15.1 % AARD = 11.7 % AARD = 21.2 % AARD =11.5 % AARD =11.8 % 
             
Reproducibility Set          
9 a 200 60 0  0.77  583.3  1159.5  1742.8  22.6 
32 200 60 0  0.74  498.6  998.2  1496.8  20.1 
33 200 60 0  0.76  520.1  1101.6  1621.7  21.2 
    y = 0.76 y = 534.0 y = 1086.4 y = 1620.4 y = 21.3 
    
SD= 0.02 SD= 44.0 SD= 81.7 SD= 123.0 SD= 1.3 
             
27 200 60 5  1,01  2227.5  2114.8  4242.3  43.1 
34 200 60 5  0.94  2000.5  1811.2  3811.7  40.5 
35 200 60 5  1.01  2103.5  1978.2  4081.7  40.4 
    y = 0.98 y = 2110.5 y = 1968.1 y = 4045.2 y = 41.3 
 
SD= 0.05 SD= 113.6 SD= 152.1 SD= 217.6 SD= 1.5 
a
 Retrieved from [26]; RM = reduced model; Exp = experimental value; SD = standard deviation;  = average.; AARD = average absolute relative 
deviations.  
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experiments (e.g., 140 bar, 170 bar, 2.5% EtOH). The AARDs found were 15.1, 11.7, 
21.2, 11.5 and 11.8 % for the global, free TTAs, acetylated TTAs, total TTAs extraction 
yields and TTAs concentration in the extracts, respectively. In the whole, the average 
deviation of 14.3 % found confirms the acceptable predictive capability of the regressed 
equations, particularly if we take into account that they are strict reduced models (Table 
5.6) and because of the aforementioned nature of the biomass. In numerous works in the 
literature, authors accomplish the calculations with full models, despite containing non-
significant terms, which obviously improve the fittings and estimates. 
 
5.8 Conclusions 
In this work, the supercritical CO2 extraction of E. globulus deciduous bark was carried 
out at different temperatures (40-60 ºC), pressures (100-200 bar), and cosolvent (EtOH) 
contents (0.0-5.0%) in order to select the optimum conditions that, within the ranges 
considered, maximize triterpenic acids recovery and their concentration in extracts. The 
optimized independent variables were: 200 bar, 40 ºC and 5% EtOH. Under these 
conditions, the regressed models provided an extraction yield of 1.2% (wt), TTAs 
concentration of 50%, which corresponds to TTAs yield of 5.1 g/kg of bark and a recovery 
of 79.2% in comparison to reference Soxhlet extraction. The behavior of the free and 
acetylated TTAs extraction was significantly different. The acetyl derivatives were 
extensively removed and tended to a plateau near 200 bar and 5% EtOH, while the free 
acids extraction always increased in the range of conditions studied. These results may 
be attributed to the inferior polarity of acetylated TTAs, and thus higher affinity to SC-CO2, 
when compared to the unesterified triterpenoids. 
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Measurement and modeling of supercritical fluid extraction curves of Eucalyptus 
globulus bark: Influence of the operating conditions upon yields and extract 
composition 
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Abstract 
Eucalyptus globulus bark is an interesting source of triterpenic acids (TTAs), mainly 
ursolic, betulinic, oleanolic, betulonic, 3-acetylursolic and 3-acetyloleanolic acids, which 
possess confirmed bioactivity. In this work, the supercritical fluid extraction of E. globulus 
bark has been carried out in order to measure the cumulative curves in terms of total 
yield, TTAs yield, free TTAs yield, acetylated TTAs yield, and TTAs concentration in the 
extracts. The influence of pressure, temperature, ethanol (cosolvent) content, and carbon 
dioxide flow rate upon the previous responses have been analyzed. The experimental 
curves have been modeled with Logistic, Desorption, Simple Single Plate, and Diffusion 
models. In the whole, results showed that pressure and ethanol content imparted a 
significant effect upon extraction curves, final yields, and extract concentrations, and that 
external limitations to mass transfer affected some runs. The individual families of free 
and acetylated TTAs exhibited distinct extraction trends. Modeling allowed us to confirm 
not only the major role played by intraparticle diffusion upon the SFE but also the 
contribution of film resistance in some assays. After analyzing all results, a two-step 
experiment in series has been performed, making possible to enrich the TTAs content in 
the extract due to the distinct conditions adopted in each stage. 
 
5.9 Introduction 
Under the scope of the biorefinery concept [1, 2] several opportunities to extract high-
value compounds from Eucalyptus bark, such as triterpenic acids (TTAs) and phenolic 
compounds, have been devised in recent years [3-12]. In particular E. globulus appears 
as an advantageous source of chemicals due to being the most used species in the pulp 
industry; it is also one of the major species found in Portuguese forest [13]. The main 
TTAs found in Eucalyptus species are ursolic, betulinic, oleanolic, betulonic, 3-
acetylursolic and 3-acetyloleanolic acids, whose structural formulas may be consulted in 
Figure S.1 (Appendix B Supplementary Data). The TTAs are recognized to possess 
antioxidant, anti-inflammatory and anti-cancer activities [14-16] that make their use 
potentially interesting for the pharmaceutical industry.  
Recently, the supercritical fluid extraction (SFE) of TTAs from E. globulus bark was 
studied using pure carbon dioxide [3] and CO2 modified with ethanol [4]. In these essays, 
final extracts were collected and analyzed at the end of the experiments, and it was 
concluded that pressure and particularly ethanol content are chief variables in this 
separation. Hence, at this stage, it is fundamental to measure supercritical extraction 
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curves of E. globulus bark in order to investigate the kinetic behavior of the process, which 
will be the main subject of this work. 
Modeling and simulation are fundamental tools for the prediction of dynamic and 
equilibrium behavior, optimization of operating conditions, and scaling up of chemical 
plants. In this context, the SFE modeling is essential and theoretically sound models are 
highly desirable for this purpose [17-25]. Accordingly the representation of the cumulative 
extraction curves of E. globulus bark will be also focused in this work. Nonetheless, 
several theoretical approaches involve specific and many times complex factors that vary 
according to the case of study, which are frequently related with solute-matrix interactions, 
flow pattern, microscopic structure of biomass, etc. [20, 21, 24]. Such models may be 
chosen, with great advantage, after a preliminary evaluation of experimental data based 
on simplified correlations that can provide valuable phenomenological hints about the 
process. In the last years several works comprising both SFE extraction of natural raw 
materials and simplified modeling of extraction curves have been published in literature. 
Examples of this are the works of Kitzberger et al. with shiitake mushroom [26], Campos 
et al. with marigold [27], Mezzomo et al. with peach almond [28], Gaspar et al. with 
oregano bracts [18], and Martínez et al. with ginger [19]. 
The aim of this work was to compare, evaluate, and model SFE curves obtained at 
different pressures, temperatures, mass flow rates, and ethanol addition fractions. By 
applying simplified models to the experimental results we aimed to disclose relevant 
internal and external kinetics limitations affecting the extraction process under different 
conditions. Finally, taking account of these results, a multistage extraction experiment was 
devised and performed in order to maximize the concentration of TTAs in extracts. 
 
5.10 Mathematical modeling 
Four models were chosen to represent and analyze the extraction curves obtained in 
this work, namely: Logistic model (LM), Desorption model (DSM), Simple Single Plate 
Model (SSPM), and Diffusion Model (DFM). 
The Logistic model (LM, Eq. (8)), proposed by Martínez et al. [19], neglects axial 
dispersion and the accumulation in the bed, and assumes that the interfacial mass 
transfer only depends on the composition of the extract along the process. A logistic 
equation, usually applied to model population growth, is adopted to describe the variation 
of the extract composition along time. The final expression is given by: 
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where, Y  is the extraction yield (g per 100 g of bark, for total extraction yield, or mg kg-1 of 
bark, for TTAs extraction yield), h
 
is the position of the bed, H  is the height of the bed, t 
is time, 0X
 
is the concentration of the target species in the raw material expressed in the 
same units of Y , and b  and mt
 
are the two parameters of the model. Parameter mt
 
has a 
precise physical meaning, understood as the time when the extraction rate reaches its 
maximum value. In this model, similarly to the others presented, the mass fraction of the 
target species in the extractable raw material ( )0X
 
is required to be known.  
The Desorption model (DSM, Eq. (9)) of Tan and Liou [25] assumes that the interfacial 
mass transfer of the extraction is well described by a first-order kinetic expression whose 
parameter dk  is the desorption constant. The final model is given by: 
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where 
2COQ
 
is the CO2 mass flow rate, ε  is the bed porosity, S
 
is the extractor cross-
sectional area,
 
barkm  is the mass of raw material in the extractor, sρ
 
and solvρ
 
are the 
biomass and solvent densities, respectively. 
The Simple Single Plate model (SSPM, Eq. (12)) presented by Gaspar et al. [18] 
assumes also there is no fluid phase resistance and that the process is governed by 
intraparticle diffusion: 
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Though the matrix diffusivity, mD , is the adjustable constant, it was joined to the plate 
thickness, δ , so that the resulting ratio 2δmD
 
was set as the real fitting parameter. 
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The Diffusion model (DFM, Eq. (13)) presented by Crank [17] and later adopted by 
Reverchon [22]. He focused the process in intraparticle resistance and established an 
analogy with heat transfer by considering the solid particles as hot balls cooling in a 
uniform medium. It is represented by:  
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where R
 
is particle radius. A decision like in SSP model was taken regarding the 
adjustable parameter, as the practical fitting constant was also set as the ratio 2RDm . 
 
5.11 Materials and methods 
This section presents a brief description of the materials, experimental procedures, and 
analyses performed in this work. In order to avoid repetition, more details may be found in 
the cited references. The operating conditions and the measured response variables are 
clearly listed. 
 
5.11.1 Chemicals 
Nonacosan-1-ol (98% purity) and β-sitosterol (99% purity) were purchased from Fluka 
Chemie (Madrid, Spain); ursolic acid (98% purity), betulinic acid (98% purity), and 
oleanolic acid (98% purity) were purchased from Aktin Chemicals (Chengdu, China); 
betulonic acid (95% purity) was purchased from CHEMOS GmbH (Regenstauf, Germany); 
palmitic acid (99% purity), dichloromethane (99% purity), pyridine (99% purity), 
bis(trimethylsilyl)trifluoroacetamide (99% purity), trimethylchlorosilane (99% purity), and 
tetracosane (99% purity) were supplied by Sigma Chemical Co (Madrid, Spain). Carbon 
dioxide was supplied with a purity of 99.95% from Praxair (Porto, Portugal). 
 
5.11.2 Bark samples  
Deciduous bark of E. globulus was randomly harvested from a 20-year-old clone 
plantation cultivated in Eixo (40º37'13.56’’N, 8º34’08.43’’W), region of Aveiro, Portugal. 
The bark was then dried in an oven at 40 ºC during approximately 72 h, reaching final 
moisture content between 2 and 5%, milled to granulometry lower than 2 mm, and stored 
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in hermetically sealed bags until use. Deciduous bark was selected as substrate, since it 
is mostly outer bark (which favors the TTAs concentration). 
 
5.11.3 Soxhlet extraction  
Samples of E. globulus deciduous bark (around 27 g) were extracted with 
dichloromethane (300 mL) for 7 h. The solvent was evaporated to dryness, the extracts 
were weighed, and the results were expressed in weight percent (g per 100 g of dry bark). 
 
5.11.4 Supercritical fluid extractions with pure and modified CO2.  
The SFE assays were carried out in an apparatus schematically shown in Figure S.2 
(Appendix B Supplementary Data). The detailed procedure may be consulted in previous 
publications [3]. The influence of pressure, temperature, ethanol (CO2 modifier) content, 
and CO2 flow rate upon the results was studied by carrying out the experiments listed in 
Table 5.8. The ranges of the variables (120–200 bar, 40–60 ºC, 0–5% EtOH, 6−14 gCO2 
min-1) were fixed taking into account results from previous works [3, 4]. There are seven 
independent experiments (Runs 1-7) and two experiments that have been carried out in 
series (Runs 8.1 and 8.2). 
Table 5.8. Experimental conditions of the SFEs carried out in this work. 
Run Mass of bark (g) 
Extraction time 
(h) 
P
(bar) 
T
    (ºC) 
EtOH content 
(%, wt)
 
2CO
Q
 (g.min-1) 
1 80.08 6 120 40 0 6 
2 80.07 6 120 40 5 6 
3 80.76 6 200 60 0 6 
4 80.08 6 200 60 5 6 
5 70.34 10 200 40 5 6 
6 70.01 10 200 40 5 12 
7 70.02 10 200 40 5 14 
8.1 (Step 1) 70.19 4 120 40 0 6 
8.2 (Step 2) 70.19 10 200 40 5 6 
 
The responses under analysis in this work were: (i) total extraction yield (g of extract 
per 100 g of dry bark), (ii) TTAs extraction yield (mg of triterpenic acids per kg of dry bark), 
and (iii) TTAs concentration in extract (g of triterpenic acids per 100 g of extract). 
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5.11.5 GC–MS analysis 
Dried samples were firstly converted into trimethylsilyl derivatives. Then GC–MS 
analyses were performed using a Trace Gas Chromatograph 2000 Series equipped with a 
Thermo Scientific DSQ II mass spectrometer, using helium as carrier gas, equipped with a 
DB-1 J&W capillary column. The chromatographic conditions, calibrations, and 
quantifications may be found in previous works [3, 4]. The multiplication factors were 
calculated as an average of six GC–MS runs. Compounds were identified, as trimethylsilyl 
derivatives, by comparing their mass spectra with the GC–MS spectral library (Wiley, 
NIST Mass Spectral Library 1999), with data from the literature [7, 29, 30] and, in some 
cases, by injection of standards. Each sample was injected in triplicate. Results are 
averages of concordant values obtained for each sample (less than 5% variation between 
injections of the same sample). 
 
5.12 Results and discussion 
This section is divided into four parts. Firstly, extractions curves obtained in this work at 
different pressures, temperatures, and ethanol (cosolvent) constant conditions are 
analyzed in Section 5.12.1. Then the results of flow rate effects upon extraction curves are 
presented and discussed in Section 5.12.2. The third part comprises the individual 
analysis of free and acetylated TTAs extraction curves. In Section 5.12.4 the measured 
extraction curves are modeled and the fittings discussed based on model assumptions. 
Finally, last section focuses the measured multistep SFE curves 
 
5.12.1 SFE at different pressures, temperatures, and ethanol contents 
The results of Runs 1–5 (Table 5.8) carried out in this work are listed in detail in Table 
A.1 (Appendix A), namely the total extraction yield, TTAs extraction yield, and TTAs 
concentrations in extracts, altogether with the respective experimental conditions. The 
Soxhlet results are also given for comparison. In order to better analyze these results, the 
corresponding plots of total extraction yield and TTAs yields against time are presented in 
Figure 5.15 and Figure 5.16, respectively. 
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Figure 5.15. Cumulative curves of total extraction yield of E. globulus bark at different pressures, 
temperatures, and ethanol contents; QCO2=6 g min
-1
. 
 
 
Figure 5.16. Cumulative curves of TTAs extraction yield of E. globulus bark at different pressures, 
temperatures, and ethanol contents; QCO2=6 g min
-1
. 
 
With regard to the total extraction yields (Figure 5.15), a maximum yield of 1.18 wt% 
was obtained in Run 5 [200 bar, 40 ºC, 5% EtOH] after 10 h of extraction. Since this assay 
was the only one carried out for 10 h, comparisons with other runs can just be established 
reporting to 6 h of extraction. Still, Run 5 was the experiment with the highest yield at that 
time too (1.07 wt%). 
As expected, the cosolvent effect due to ethanol led to higher extraction yields [4]. For 
instance, at t =6 h, the lowest-yield experiment containing ethanol, Run 2 [120 bar, 40 ºC, 


137 
5% EtOH], achieved 0.83 wt% while in the highest-yield experiment without ethanol, Run 
3 [200 bar, 60 ºC, 0% EtOH], the recovery was simply 0.64 wt%. Moreover, comparing the 
results from Runs 3 and 4 (the unique difference between their operating conditions was 
the ethanol content, 0% and 5 wt%, respectively; Table 5.8) it is possible to observe that 
with pure CO2 we reached only 0.64 wt% while with 5% EtOH the final yield was 0.96 
wt%. These results evidence the intermolecular interactions promoted between ethanol 
and the extract components, which favors the solubility and selectivity [31] of the non-
polar CO2. 
Moreover, higher pressures led also to expected improvements of global extraction 
yield. An example of this can be noticed by observing that Run 5 [200 bar, 40 ºC, 5% 
EtOH] reached a final extraction yield 29% greater than Run 2 [120 bar, 40 ºC, 5% EtOH], 
due to the difference of 80 bar between experiments. These results are easily explained 
by the solubility enhancement caused by the supercritical solvent density increment [3, 8, 
32]. 
With respect to the temperature influence upon SFE, it is well known it is the result of a 
balance between solute vapor pressure and CO2 density (and so, solute fugacity 
coefficient). In this work, the unique difference between the operating conditions of Runs 4 
and 5 was temperature (Table 5.8: 60 ºC versus 40 ºC). Accordingly, the lower yield of 
Run 4 is explained by the density decrease imposed by the increment of 20 ºC in relation 
to Run 5, i.e., the positive influence of temperature upon vapor pressure did not 
compensate density diminution. 
In addition, the results plotted in Figure 5.16 regarding the TTAs extraction yield also 
follow similar trends against pressure, temperature, and ethanol content. Since an 
important fraction of the TTAs are polar - more specifically, the free triterpenic acids (see 
Figure S.1 in Appendix B Supplementary Data) - ethanol addition plays an important role 
for an extended uptake of these triterpenoids [4]. It is evident from Figure 5.16 the gap 
between Runs 1, 3 and 2, 4, 5 which can be uniquely attributed to the absence and 
introduction of ethanol, correspondingly. In particular, one may point out the comparison 
between the lowest TTAs recovery using ethanol in Run 2 [120 bar, 40 ºC, 5% EtOH] and 
the best value without cosolvent in Run 3 [200 bar, 60 ºC, 0% EtOH]. Accordingly, at the 
sixth hour of extraction the former reached a TTAs yield 1.9 times greater than the latter 
(3090.9 versus 1594.1 mg kg-1bark; Table A.1). Concerning the same two assays, results 
revealed that Run 2 (the less effective using ethanol) enabled in 2 h a recovery of TTAs 
similar to Run 3 (the best run without ethanol) after 6 h of extraction: 1596.9 against 
1594.1 mg kg-1bark (see Table A.1). 
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The maximum TTAs extraction yield was attained in Run 5 [200 bar, 40 ºC, 5% EtOH], 
amounting 4701.6 mg kg-1bark at the tenth hour of experiment. The lowest yield was found 
in Run 1 [120 bar, 40 ºC, 0% EtOH] after 6 h of extraction, corresponding to 889.4         
mg kg-1bark.  
When the concentrations of TTAs along time are contrasted in Figure 5.17, the 
aforementioned gap between experiments with modified or pure CO2 is notorious. The 
difficulty to extract free TTAs with pure CO2 has been already reported [4], which resulted 
in lower TTAs concentrations after 6 h: 20.2% at Run 1 [120 bar, 40 ºC, 0% EtOH] and 
24.9% at Run 3 [200 bar, 60 ºC, 0% EtOH]. When ethanol was introduced in the 
supercritical solvent, the concentrations almost doubled: 37.2% in Run 2 [120 bar, 40 ºC, 
5% EtOH] and 41.1% in Run 4 [200 bar, 60 ºC, 5% EtOH]. In these cases, both solubility 
and selectivity were improved. 
 
Figure 5.17. TTAs concentration in the supercritical extracts of E. globulus bark obtained at 
different pressures, temperatures, and ethanol contents; QCO2=6 g min
-1
. Values refer to cumulative 
extracts. 
 
In general the TTAs concentrations in the extracts of the five assays increased with 
time (Figure 5.17), a trend that allows one to conclude that extending the process did not 
bring about any disadvantage to the goal of extracting TTAs. The highest concentration 
was obtained in Run 4, reaching 41.1 wt%. 
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5.12.2 SFE at different mass flow rates 
Concerning the flow rate study over the SFE performance, experiments were carried 
out at 6, 12, and 14 gCO2 min
-1
 (Runs 5–7; Table 5.8) and the results are presented in 
Table A.1. It is worth noting that the remaining conditions were fixed, namely 200 bar, 40 
ºC, and 5% ethanol content, which means that thermodynamic and transport properties 
like solubilities, density, viscosity, and tracer diffusion coefficients remained fixed between 
assays. On the other hand, the various mass flow rates implied directly proportional 
interstitial velocities of supercritical solvent. Accordingly, the most important conclusions 
of this analysis are: (i) the intraparticle diffusion behavior in Runs 5–7 was the same. (ii) 
The driving force to mass transfer across the external film, ( )bulk i,*interfacei, yy − , is once again 
the same, since  solubility ( )*interfacei,y  was constant and bulk concentration was negligible. 
(iii) The unique quantity varying between Runs 5 and 7 was the convective mass transfer 
coefficient, kf. In fact, taking into account empirical correlations of the type γβ ScαSh Re= , 
the ratio of kf values of Runs i and j can be estimated in terms of the proportional ratios of 
fluid velocities (u) or mass flow rates (QCO2) by: 
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Adopting 8.0=β  for our experimental conditions [20, 28], such kf ratios are 1.74 for 
Runs 5–6, and 1.13 for Runs 6–7. In both cases the increment of kf values are significant, 
particularly the first jump. 
When plotted together in Figure 5.18, the measured results allow one to visually 
disclose a significant yield gain of the experiments performed at higher flow rates (Runs 6 
and 7: 12 and 14 gCO2 min
-1). The total yields of both Runs 6 and 7 reached close values, 
1.33% and 1.32 wt%, respectively, which represented almost 89% of the extraction yield 
obtained by Soxhlet using dichloromethane (Table A.1). On the other hand, Run 5 - the 
assay with the best performance from those at 6 gCO2 min
-1
 analyzed in previous section - 
reached only 1.18 wt%, corresponding to 79% of Soxhlet recovery. This fact proves the 
existence of significant external mass transfer resistance in Run 5, which agrees with the 
very different kf values calculated above. 
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Figure 5.18. Cumulative curves of total extraction yield of E. globulus bark at different CO2 flow 
rates. Fixed conditions: 200 bar, 40 ºC, 5% EtOH. 
 
Notwithstanding the distinct final yields (t = 10 h) of experiments at higher solvent flow 
rates, with respect to TTAs recovery the results revealed a different trend, as illustrated in 
Figure 5.19. Contrarily to total yield, the extractions at three different flow rates converged 
into a very close final TTAs yield, around 4700 mg kg-1bark of bark that corresponds to 
73.0% of the Soxhlet recovery. 
 
Figure 5.19. Cumulative curves of TTAs extraction yield of E. globulus bark at different CO2 flow 
rates. Fixed conditions: 200 bar, 40 °C, 5% EtOH. 
 
A clear-cut illustration of the ineffectiveness of flow rate increase upon TTAs extraction 
yield enhancement is alternatively perceived when the same responses (see Table A.1) 
are plotted as function of the mass of spent CO2, which is shown in Figure 5.20. In fact the 
same TTAs yield was obtained with the lowest mass of CO2 in Run 5 followed by Run 6 
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and finally Run 7, which implies that the intraparticle mass transfer resistance was more 
important than the film diffusion limitations. 
 
Figure 5.20. Cumulative curves of TTAs extraction yield of E. globulus bark plotted as function of 
mass of spent CO2 for three different flow rates. Fixed conditions: 200 bar, 40 ºC, 5% EtOH. 
 
5.12.3  Extraction of free and acetylated TTAs 
Due to the different properties of the acetylated and free TTAs, which result from their 
distinct polarity (Figure S.1; Appendix B Supplementary Data), it is worthwhile to split the 
overall TTAs extraction regarding the contributions of the two families. Accordingly, the 
individual extraction curves of each triterpenic acid group are shown in Figure 5.21. These 
experimental results point out that their extraction trends are hardly comparable. While in 
the assays of higher TTAs extraction yields (Runs 5 and 6) the acetylated TTAs curves 
reach a plateau at the fourth hour (Figure 5.21b), the removal of free TTAs continues 
progressively along the overall experiment period instead. This behavior can be linked to 
the different polarity of both families (see Figure S.1; Appendix B Supplementary Data). 
Although acetylated TTAs are less polar and tend to be easily recovered (even with pure 
CO2), the free TTAs uptake is slower (see Figure 5.21a) because inferior solubilities imply 
lower driving forces to mass transfer. On the other hand, Run 1 depicts a different pattern. 
In that experiment the acetylated and free TTAs extraction curves exhibit an almost linear 
increase along time. At 120 bar, 40 ºC, and 0% EtOH the density of CO2 is lower and so 
the TTAs solubility, what penalizes the driving force. In fact, Runs 5 and 6 are favored by 
higher values of pressure (200 bar) and modifier percentage (5% EtOH). 
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Figure 5.21. Cumulative curves of (a) free TTAs and (b) acetylated TTAs extraction yield of E. 
globulus bark. 
 
5.12.4 Extraction curves modeling 
The Logistic (LM), Desorption (DSM), Simple Single Plate (SSPM), and Diffusion 
(DFM) models presented in Section 5.10 were applied to correlate the cumulative curves 
of assays 1, 5, and 6. The fitted parameters and the respective statistical indicators are 
listed in Table 5.10 and Table 5.11, while Table 5.9 compiles the bed features required for 
DSM calculations. 
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Table 5.9. Bed features necessary in Desorption model (DSM). 
ε  0.776 ( )3mkg −sρ  719 ( )3mkg −bρ
 
175 
(m)H  0.1 
)(m2S
 
0.004417 
 
In what concerns total extraction yields, good determination factors were obtained, 
lying within 0.976 and 0.999, while the calculated average absolute relative deviations 
(AARDs) ranged between 2.6% and 14.9%. The plots of this response may be found in 
Figure 5.22. In general, the Logistic and Desorption models provided worse 
representations in comparison to the purely diffusional models (DFM and SSPM), what 
suggests the chief role played by intraparticle transport in our supercritical extractions. In 
fact, the Simple Single Plate and Diffusion models offered higher adequacy of fittings, 
particularly in the case of Run 6 (DFM: R2=0.993 and AARD=3.7%; SPPM: R2=0.987 and 
AARD=6.8%). The lowest AARDs were obtained by Simple Single Plate and Diffusion 
models for Run 1 (2.6% and 2.7%), which is quite acceptable since the cumulative curve 
in question possesses a typical diffusional shape and shows no initial constant rate 
extraction period characteristic of edible oils [21, 24, 32]. It is very interesting to compare 
the SSPM and DFM parameters of Runs 5 and 6, since in Section 5.12.2 we concluded 
that the external resistance of Run 5 was eliminated in Run 6 after increasing the solvent 
flow rate. Hence, the values of 2m δD  and 2m RD  should be lower in Run 5, since the 
film limitations to mass transfer can only be taken into account by the same parameters 
which inexorably decreases their magnitudes. Table 5.10 confirms our reasoning, since 
2
m δD = 0.0175 h-1 and 2m RD = 0.0123 h-1 in Run 5, while 2m δD = 0.0359 h-1 and 
2
m RD  = 0.0261 h-1 in Run 6. 
For all responses and assays considered, the optimized LM parameter tm was negative 
which possesses no physical meaning in view of the fact it represents a time constant of 
the process. Mezzomo et al. [28] have also reported negative values when fitting LM to 
the SFE data of peach kernel. Such consistent finding revealed the inadequacy of the 
Logistic equation (originally developed to model population growth) embodied in the LM to 
compute accurate interfacial mass transfer fluxes. Notwithstanding, those negative values 
may also indicate that the extraction rate was maximum at t=0 (see Section 5.10), which 
matches the already accepted internal rate controlled mechanism. 
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Table 5.10. Optimized parameters and fitting indicators obtained with the Diffusion, Simple Single Plate, Desorption and Logistic models for Runs 1, 5 and 6. 
The responses correlated are total extraction yield and TTAs extraction yield. 
Run Response 
 Logistic Model Desorption Model 
Simple Single Plate 
Model Diffusion Model 
 )(h 1−b  (h)mt  )(h 1−dk  )(h 12 −δmD  )(h 12 −RDm  
 
1 
[SFE Cond.: 120 bar, 40 ºC, 0% EtOH, 6 g min-1]  
     
Total extraction yield (%, wt)  0.0662 -366.1 0.0744 0.0026 0.0015 
 
 R2 0.979 0.980 0.999 0.998 
 
 AARD (%) 9.3 8.9 2.6 2.7 
TTAs extraction yield (mg kgbark-1)  0.0000 -1096 0.0287 0.0004 0.0002 
  
R2 0.999 0.999 0.965 0.968 
  
AARD (%) 2.3 2.3 17.0 15.1 
 
5 
[SFE Cond.: 200 bar, 40 ºC, 5% EtOH, 6 g min-1]  
     
Total extraction yield (%, wt)  0.2456 -76.8 0.1951 0.0175 0.0123 
 
 R2 0.976 0.962 0.980 0.983 
 
 AARD (%) 9.6 13.4 10.6 11.3 
TTAs extraction yield (mg kgbark-1)  0.1746 -103.7 0.1506 0.0123 0.0082 
  
R2 0.978 0.972 0.979 0.977 
  
AARD (%) 11.2 11.2 18.8 20.2 
 
6 [SFE Cond.: 200 bar, 40 ºC, 5% EtOH, 12 g min
-1]  
     
Total extraction yield (%, wt)  0.4956 -37.93 0.3591 0.0359 0.0261 
 
 
R2 0.983 0.959 0.987 0.993 
 
 AARD (%) 10.2 14.9 6.8 3.7 
TTAs extraction yield (mg kgbark-1)  0.2455 -74.3 0.2107 0.0174 0.0124 
  
R2 0.944 0.930 0.969 0.984 
  
AARD (%) 17.2 19.4 9.8 5.9 
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Table 5.11. Optimized parameters and fitting indicators obtained with the Diffusion, Simple Single Plate, Desorption and Logistic models for Runs 1, 5 and 6. 
The responses correlated are free TTAs extraction yield and acetylated TTAs extraction yield. 
Run Response 
 Logistic Model Desorption Model 
Simple Single Plate 
Model Diffusion Model 
 )(h 1−b  (h)mt  )(h 1−dk  )(h 12 −δmD  )(h 12 −RDm  
 
1 
[SFE Cond.: 120 bar, 40 ºC, 0% EtOH, 6 g min-1]  
  
   
Free TTAs yield (mg kgbark-1)  0 -1175 0.0138 6.957 × 10-5 5.596 × 10-5 
 
 R2 0.997 0.997 0.962 0.973 
 
 AARD (%) 3.9 3.9 20.8 16.2 
Acetyl. TTAs yield (mg kgbark-1)  0.0745 -12.55 0.0627 0.0019 0.0010 
  
R2 0.999 0.999 0.966 0.963 
  
AARD (%) 1.6 2.2 15.3 15.1 
 
5 
[SFE Cond.: 200 bar, 40 ºC, 5% EtOH, 6 g min-1] 
      
Free TTAs yield(mg kgbark-1)  0.1185 -135.0 0.1091 0.0075 0.0046 
  
R2 0.993 0.992 0.974 0.9640 
  
AARD (%) 20.2 20.1 51.3 55.9 
Acetyl. TTAs yield (mg kgbark-1)  0.4862 -65.25 0.3071 0.0364 0.0260 
  
R2 0.972 0.933 0.961 0.957 
  
AARD (%) 11.4 12.3 14.1 14.9 
 
6 [SFE Cond.: 200 bar, 40 ºC, 5% EtOH, 12 g min
-1]  
     
Free TTAs yield (mg kgbark-1)  0.154 -154.5 0.1423 0.0104 0.0069 
 
 
R2 0.965 0.962 0.985 0.990 
 
 AARD (%) 15.3 16.2 9.0 8.6 
Acetyl. TTAs yield (mg kgbark-1)  0.9969 -18.42 0.5321 0.0794 0.0578 
  
R2 0.990 0.926 0.988 0.988 
  
AARD (%) 7.4 17.5 6.89 6.5 
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Figure 5.22. Modeling cumulative curves of total extraction yield of E. globulus bark. Experimental 
conditions in Table 5.8 and calculated results in Table 5.10. 
 
With respect to the Desorption model, the poor results obtained evidenced that the 
concentration profiles are non-uniform inside the solid and that mass transfer rate cannot 
be accurately associated to a single desorption step. 
TTAs extraction yield modeling is illustrated in Figure 5.23. The worst fitting results 
were obtained for Run 6 by both Logistic and Desorption models (R2 values of 0.944 and 
0.938, and AARDs of 17.2% and 19.4%, respectively) and Run 5 by both Simple Single 
Plate and Diffusion models (R2 values of 0.979 and 0.977, and AARDs of 18.8% and 
20.2%, respectively). These results agree with previous discussion for the total extraction 
yield. Yet again, the SSPM and DFM parameters fitted to Run 5 are inferior to those of 
Run 6 due to the superimposed film resistance: 2m δD =0.0123 h-1 and 2m RD =0.0082 
h-1 versus 0.0174 h-1 and 0.0124 h-1. It is worth mentioning the good correlations provided 
by LM and DSM in the case of Run 1 (R2=0.999 and AARD=2.3%), which may be 
attributed to the strict linear trend of the experimental data (Figure 5.23) and to the 
flexibility of the model to incorporate this behavior; note this is not observed in Figure 5.22 
for the total extraction yield. Remember that Run 1 was performed at 120 bar, 40 ºC, and 
with 0% ethanol, for which TTAs solubility is very low. 
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Figure 5.23. Modeling cumulative curves of TTAs extraction yield of E. globulus bark. Experimental 
conditions in Table 5.8 and calculated results in Table 5.10. 
 
Since our target was TTAs extraction, the modeling study was also extended to their 
individual free and acetylated contributions, giving rise to Figure 5.24. A brief discussion is 
provided taking into account the calculated results in Table 5.11 also. The correlations of 
Run 1 confirmed the better adequacy of Logistic and Desorption models to both free and 
acetylated TTAs: AARDs = 1.6–3.9% and R2 = 0.997 - 0.999. Under such SFE conditions, 
intraparticle models led to deviations between 15.1% and 20.8%. Run 6 confirmed the 
conclusions of previous TTAs modeling, where the SSPM and DFM appeared to better 
represent the cumulative data: AARDs = 6.5 - 9.0% and R2 = 0.985 - 0.990 against 
AARDs = 7.4 - 17.5% and R2 = 0.926 - 0.990 achieved by LM and DSM. The modeling of 
the free TTAs extraction curve for Run 5 was the less accurate among the four equations 
studied, with AARDs ranging from 20.2% to 55.9%. Despite this result it should be once 
more emphasized that both parameters 2m δD and 2m RD are lower in Run 5 than in 
Run 6, which are theoretically sound results in view of the external resistance eliminated 
in Run 6. 
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Figure 5.24. Modeling cumulative curves of (a) free TTAs and (b) acetylated TTAs extraction yield 
of E. globulus bark. Experimental conditions in Table 5.8 and calculated results in Table 5.11. 
 
5.12.5 Stepwise SFE study 
Considering the results presented in Section 5.12.1, a stepwise extraction strategy was 
devised in order to maximize the concentration of TTAs in extracts upon some loss of 
yield. Accordingly, a two-step assay was planned and carried out in this work, gathering in 
two stages the extraction conditions of Runs 1 and 5 (120 bar, 40 ºC and 0% EtOH, and 
200 bar, 40 ºC and 5% EtOH, respectively). These assays are identified in Table 5.8 as 
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Runs 8.1 and 8.2, and the respective results are shown in Table A.1. The first step lasted 
4 h while the second was set longer, a total of 10 h. With this approach we intended to 
obtain extracts enriched in triterpenoids by firstly removing part of the aliphatic matrix 
(fatty acids, long chain aliphatic alcohols, and other compounds) with supercritical CO2, 
since numerous substances are CO2-philic [3,4]. 
The total extraction yield results of Runs 8.1 and 8.2 are plotted in Figure 5.25. The 
yield curve of the first step (Run 8.1) was plotted separately and the cumulative extraction 
yield of step 2 (Run 8.2) did not take into account the value of the first stage. 
Consequently, the final yield (t = 10 h) of Run 8.2 reached about 65% of the value of the 
reference assay, Run 5 (0.76 wt% and 1.17 wt%), since the extract from Run 8.1 had 
already been rejected. Nonetheless, when TTAs extraction yield are analyzed, a final 
value of 3649.9 mg kg-1bark was attained, which represented nearly 78% of that of Run 5 
(see Table A.1 and Figure 5.26). Consequently, despite the obvious loss of both total 
extraction yield and TTAs extraction yield, the final extract of Run 8.2 contained a 
concentration of TTAs 1.2 times greater over Run 5 (47.7% against 39.8%), as showed in 
the bars plot of Figure 5.27. 
 
Figure 5.25. Cumulative curves of total extraction yield for the two-step experiment, Runs 8.1 and 
8.2. Run 5 is also plotted as reference. Experimental results and conditions in Table A.1. 
 
In terms of the effectiveness of the first extraction stage, results showed that a 
considerable amount of extract was produced within these 4 h: total extraction yield of 
Run 8.1 was 0.35 wt% which represents 46% of the global yield of Run 8.2. Yet, a very 
low amount of TTAs was extracted in stage 1 when compared to the quantity of step 2, 
556.4 against 3649.9 mg kg-1bark, respectively. Therefore, a low concentration of TTAs was 
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found after Run 8.1, a result that is in accordance with the multistep extraction strategy 
devised in this work to preferentially remove in the first stage undesired compounds. 
 
Figure 5.26. Cumulative curves of TTAs extraction yield for the two-step experiment, Runs 8.1 and 
8.2. Run 5 is also plotted as reference. Experimental results and conditions in Table A.1. 
 
Figure 5.27. TTAs concentration in the supercritical extracts of E. globulus bark obtained in the 
two-step experiment, Runs 8.1 and 8.2. Run 5 is also plotted as reference. Experimental results 
and conditions in Table A.1. 
 
5.13 Conclusions 
The supercritical extraction of E. globulus bark using pure and modified carbon dioxide 
was carried out at different pressures (120 and 200 bar), temperatures (40 and 60 ºC), 
ethanol content (0 and 5 wt%), and CO2 flow rate (6, 12, and 14 g min-1). The main 
objective was the determination of cumulative curves of total yield, TTAs yield, free TTAs 
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yield, acetylated TTAs yield, and TTAs concentration in the extracts. Pressure and ethanol 
were the most significant variables, with positive effect upon the responses due to 
solubility enhancement, while temperature imparted a slight negative effect owing to 
density/solubility decrease. By increasing the mass flow rate of CO2 we eliminated the film 
resistance to mass transfer that existed at 6 g min-1. The acetylated TTAs were completely 
removed at 200 bar, 40 ºC, and 5% EtOH, while the free acids did not attain a plateau, 
which can be attributed to their distinct polarity in the supercritical solvent. The modeling 
results achieved with the Logistic, Desorption, Simple Single Plate, and Diffusion models 
proved that this separation is essentially controlled by intraparticle diffusion, but external 
limitations were also present in the experiments at low flow rate. A two-stage experiment 
in series demonstrated that it is possible to obtain enriched TTAs extracts when soft 
conditions (120 bar, 40 ºC, 0% EtOH) are chosen in the first step followed by the most 
efficient ones in the second stage (200 bar, 40 ºC, 5% EtOH). 
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Appendix A 
In Table A.1 the experimental data measured along time are listed, namely total extraction yield, triterpenic acids (TTAs) extraction yield, and 
TTAs concentration in the supercritical extracts. The results obtained by Soxhlet with dichloromethane are also shown for comparison. 
Table A.1. Experimental points of the cumulative extraction curves of E. globulus bark for the SFE conditions of Table 5.8. Soxhlet extraction results are also 
listed for comparison. 
Soxhlet Extraction with dichlomethane for 7 hours    
     Total extraction yield (%, wt) 1.5  
     TTAs extraction yield (mg kgbark-1) 64440.5  
     TTA concentration (%, wt) 42.9  
 
Supercritical Fluid Extraction Curves 
Run (bar)
P
 
C)(º
T
 
)wt(%,
EtOH
 
)min (g 1-
CO2Q
 
Response 
(h)t
 
1 2 3 4 5 6 10 
          
  
 
1* 120 40 0 6 Total extraction yield (%, wt) - 0.24 0.31 0.37 0.41 0.44 - 
     TTAs extraction yield (mg kgbark-1) - 301.3 478.1 641.2 780.9 889.4 - 
     TTA concentration (%, wt) - 12.6 15.4 17.3 19.0 20.2 - 
             
2 120 40 5 6 Total extraction yield (%, wt) - 0.46 0.64 0.73 0.78 0.83 - 
     TTAs extraction yield (mg kgbark-1) - 1596.9 2305.4 2695.7 2883.7 3090.9 - 
     TTA concentration (%, wt) - 34.7 36.0 36.9 37.0 37.2 - 
 
 
            
3 200 60 0 6 Total extraction yield (%, wt) - 0.36 0.47 0.54 0.6 0.64 - 
     TTAs extraction yield (mg kgbark-1) - 690.8 996.2 1213.2 1415.0 1594.1 - 
     TTA concentration (%, wt) - 19.2 21.2 22.5 23.6 24.9 - 
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Supercritical Fluid Extraction Curves (continuation) 
Run (bar)
P
 
C)(º
T
 
)wt(%,
EtOH
 
)min (g 1-
CO2Q
 
Response 
(h)t
 
1 2 3 4 5 6 10 
             
4 200 60 5 6 Total extraction yield (%, wt) - 0.60 0.81 0.88 0.93 0.96 - 
     TTAs extraction yield (mg kgbark-1) - 2218.0 3212.7 3535.3 3772.7 3948.6 - 
     TTA concentration (%, wt) - 37.0 39.7 40.2 40.6 41.1 - 
             
5* 200 40 5 6 Total extraction yield (%, wt) 0.35 0.76 - 0.97 - 1.07 1.18 
     TTAs extraction yield (mg kgbark-1) 881.4 2569.8 - 3501.5 - 4052.3 4701.6 
     TTA concentration (%, wt) 25.2 33.8 - 36.1 - 37.9 39.8 
 
 
           
 
 
6 200 40 40 12 Total extraction yield (%, wt) 0.71 1.02 - 1.17 - 1.25 1.33 
     TTAs extraction yield (mg kgbark-1) 1739.4 2685.1 - 3261.8 - 3590.0 3972.5 
     TTA concentration (%, wt) 31.6 33.8 - 34.4 - 34.8 35.6 
             
7 200 40 40 14 Total extraction yield (%, wt) 0.72 0.98 - 1.14 - 1.23 1.32 
     TTAs extraction yield (mg kgbark-1) 2154.9 3136.0 - 3850.5 - 4246.4 4657.2 
     TTA concentration (%, wt) 30.0 31.9 - 33.8 - 34.6 35.3 
             
8.1 
(Step 1) 120 40 0 6 Total extraction yield (%, wt) - - - 0.35 - - - 
     TTAs extraction yield (mg kgbark-1) - - - 556.4 - - - 
     TTA concentration (%, wt) - - - 16.1 - - - 
             
8.2 
(Step 2) 200 40 5 6 Total extraction yield (%, wt) 0.14 0.38 - 0.55 - 0.65 0.76 
     TTAs extraction yield (mg kgbark-1) 455.5 1616.6 - 2477.4 - 3018.1 3649.9 
 
 
    TTA concentration (%, wt) 31.8 42.8 - 44.9 - 46.3 47.8 
      
       
*Results of Runs 1 and 5 are the average of two assays (average relative deviation = 4.1%). In previous works [3, 4] good reproducibility was also observed.
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Appendix B 
Supplementary data 
 
 
Figure S.1. Main triterpenoids identified in E. globulus bark, divided according to their lupane, 
oleanane and ursane structures. 
 
 
 
Figure S.2. Supercritical fluid extraction unit used in this work. Details are provided in refs. [3,11].  
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Paper VI 
 
Adapted from 
Lipophilic extractives from the bark of Eucalyptus grandis x globulus, a rich 
source of methyl morolate: selective extraction with supercritical CO2 
 
Industrial Crops and Products, 2013, 43, 340-348. 
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Abstract 
The chemical composition of the lipohilic extracts of the inner and outer barks of 
Eucalyptus grandis x globulus, cultivated in Portugal, was studied by gas 
chromatography–mass spectrometry. The two bark fractions show different chemical 
compositions. β-Sitosterol is the most abundant compound in the inner bark (82 mg kg-1), 
while long chain aliphatic alcohols are the main family of components accounting for 208 
mg kg-1. In the outer bark fraction, triterpenic compounds (8.5 g kg-1) are the most 
abundant ones from which methyl morolate (methyl 3-hydroxyolean-18-en-28-oate) is the 
chief component (3 g kg-1). This oleanane type tritepenic acid methyl ester was identified 
here for the first time as a component of Eucalyptus bark tissues using GC–MS and NMR. 
Other high value triterpenic acids such as ursolic, oleanolic and betulinic acids, accounting 
for 1.3, 0.9 and 0.6 g kg-1, respectively, were also detected in this fraction. Finally, the 
extraction of methyl morolate with supercritical CO2 was also carried out aiming at 
designing an environmentally friendly extraction alternative for this abundant compound. 
At 20 MPa and 333 K, the methyl morolate extraction attained a plateau at 6 h. In the 
whole, the acetylated triterpenic acids were more significantly extracted when compared 
to their free acids, which is directly related with the less polar nature of the former 
molecules. 
 
5.14 Introduction 
Eucalyptus spp. are extensively used for the pulp and paper production [1], with 
Eucalyptus grandis and Eucalyptus urograndis (3.75 million ha of plantations [2]) as the 
preferred species in South America, and Eucalyptus globulus (1.29 million ha of plantation 
[2]) in Iberian countries [1, 3]. The pulp industries invest annually huge amounts of funds 
in the forest control in order to maintain their specific tree species and also to produce 
healthier forests, more adapted to less favourable conditions such as nutrient-poor soils, 
saline, water deficit, cold or bugs [4]. Some of these improvements have been essentially 
due to hybridization techniques. In this line, Eucalyptus grandis x globulus is a hybrid 
between E. grandis and E. globulus, two species well known for their rapid growth and 
excellent properties [5-8] to be used for pulp production. For those reasons, the 
corresponding hybrid E. grandis x globulus begins to stir interest of the pulp and paper 
industry, and therefore detailed studies on its composition should be carried out. Indeed, 
to the best of our knowledge the chemical composition of this hybrid was only addressed 
in our previous study dealing with its bark phenolic composition [9] 
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The current scenario of the modern societies with an economy and industry largely 
dependent on oil based products and fuels is not sustainable. Therefore, it is expected 
that biomass becomes the major source of materials, chemicals, fuels and energy, within 
the so-called biorefineries [10]. Pulp and paper industries generate annually considerable 
amounts of biomass residues. Among these residues (i.e. leaves, branches and fruits 
from harvesting and logging operations), bark, removed in the pulp mills, is one of the 
most abundant biomass wastes being presently burned for energy production [11]. The 
valorisation of all biomass fractions, for example through the exploitation of the high value 
low molecular weight compounds from bark or knots, which are rich in phytosterols, 
triterpenic acids, lignans and other phenolic compounds [12-15], that can be removed 
before burning or integrated with the valorisation of the macromolecular bark fractions is a 
major goal of the biorefinery. 
In this context, we have been involved on the characterization of the lipopilic fractions 
of bark residues from several Eucalyptus species [11, 13, 15-18] aiming to search for 
extractives with valuable phytopharmaceutical applications. Among these studies we 
reported that the outer barks of several Eucalyptus species, such as E. globulus and E. 
grandis, contain considerable amounts of triterpenic acids, namely, betulonic, betulinic, 3-
acetylbetulinic, ursolic, 3-acetylursolic, oleanolic and 3-acetyloleanolic acids (Figure 5.28). 
These compounds have a wide range of biological activities that make their exploitation 
extremely interesting and an important contribution for upgrading of these industrial 
residues. For example, oleanolic acid possesses anti-tumour, anti-inflammatory and anti-
ulcer activities [19-21] and ursolic acid shows anti-carcinogenic, anti-tumour, anti-ulcer 
and anti-inflammatory properties [19, 20, 22, 23]. Betulinic acid has shown anti-HIV 
activity and cytotoxicity against a variety of tumour cells [24, 25].  
 
Figure. 5.28. Structures of common triterpenoids identified in Eucalyptus spp. outer bark fractions. 
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In this context, the present study reports the chemical composition of the lipophilic 
components of the inner and outer fractions of E. grandis x globulus bark, in order to 
evaluate its potential as source of high-value chemicals. This allowed us to identify methyl 
3-hydroxyolean-18-en-28-oate (methyl morolate), an ester derivative of morolic acid, in 
the outer bark fraction, using GC-MS and NMR techniques. This compound can be a 
simple precursor of morolic acid which has various pharmacological properties such as 
cytotoxic and anti-HIV activities [26, 27]. To our knowledge, this is the first time that this 
compound was detected in Eucalyptus barks and its high abundance might open new 
opportunities for its exploitation within the biorefinery concept.  
Moreover, considering the sustainability and environmental issues related to the use of 
organic solvents in the extraction processes and the possible end use for these 
compounds as phytopharmaceutical products, the search for greener processes for their 
extraction and fractionation are of major importance. Supercritical fluid extraction (SFE), 
particularly supercritical CO2 (SC-CO2), can be a fast, efficient, and clean method for the 
extraction of natural products from vegetable matrices [28]. It has been used in different 
fields such as in food and pharmaceutical industries, mainly due to advantages such as its 
environmentally friendly nature, absence of toxic residues in the final product and also 
because of its high diffusivity combined with its easily tunable solvent strength that makes 
it highly adaptable to extract different target molecules [28-30]. SC-CO2 has already been 
successfully applied in the extraction of triterpenes from several vegetable raw materials 
as, for example, betulin from the bark of Betula platyphylla [31] or ursolic and oleanolic 
acids from the seeds of Plantago major [32].  
Considering the pharmacological value of morolic acid and the interest to replace 
common organic solvents in the isolation of compounds for these type of applications, in 
the present study SC-CO2 extraction was also successfully employed on the extraction of 
methyl morolate, resulting in extracts with higher contents of this triterpenoid than those 
obtained with dichloromethane. 
 
5.15 Materials and methods 
5.15.1 Solvents and chemicals 
Nonacosan-1-ol (98% purity), β-sitosterol (99% purity) and potassium hydroxide 
(puriss, p.a., ≥86%) were purchased from Fluka Chemie (Madrid, Spain); ursolic acid 
(98% purity), betulinic acid (98% purity) and oleanolic acid (98% purity) were purchased 
from Aktin Chemicals (Chengdu, China); betulonic acid (95% purity) was purchased from 
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CHEMOS GmbH (Regenstauf, Germany); palmitic acid (99% purity), dichloromethane 
(99% purity), pyridine (99% purity), N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) (99% 
purity), trimethylchlorosilane (TMSCl) (99% purity) and tetracosane (99% purity) were 
supplied by Sigma Chemicals Co. (Madrid, Spain); ethyl acetate (99.6% purity) was 
purchased from Acros Organics; chloroform-d (99.8% D) was provisioned by Aldrich 
Chemistry; hydrochloric acid (puriss, p.a., fuming, ≥37%), light petroleum (40-60ºC) and 
hexane (95% purity) were purchased from Panreac (Barcelona, Spain). CO2 (>99% purity) 
was purchased from Praxair, Portugal. 
 
5.15.2 Materials  
The Eucalyptus grandis x globulus bark samples were collected from several 12 years 
old trees randomly sampled in two different plantations in Portugal, located in the north of 
the country. The two different morphological regions of the bark, inner and outer bark, 
were handly separated as described elsewhere [15] and analysed in separate. 
Representative samples of each bark fraction were air dried until a constant weight was 
achieved and ground to a granulometry lower than 2 mm prior to extraction. 
 
5.15.3 Extraction  
Samples of inner and outer bark (3 x 15 g) were Soxhlet-extracted with 
dichloromethane for 7 h. The solvent was evaporated to dryness, the extracts were 
weighted and the results were expressed in percent of dry bark. Dichloromethane was 
selected as a fairly specific solvent for lipophilic extractives [11, 17] 
Supercritical CO2 extraction (SC-CO2) experiments were performed in an apparatus 
purchased from Applied Separations (USA). In this system, liquid carbon dioxide is 
pressurized to the desired pressure in a cooled liquid pump after which it goes through a 
Coriolis mass flow meter used to measure the CO2 flow rate. The liquid stream is then 
heated to the operating temperature in a vessel placed before the extractor. The solvent in 
supercritical state then flows through the extractor where the outer bark sample (around 
70 g) was previously loaded. The SFE experiments were carried out at 20 MPa and 
333.15 K. The effluent from the extractor was depressurized through a heated 
backpressure regulator and bubbled in cooled ethanol that acts as a trap for the extract. A 
constant CO2 mass flow rate of 6 g/min was used during 10 h of extraction, totalizing 3.6 
kg of carbon dioxide, and extracts were collected at 1, 2, 4, 6 and 10 h of extraction. The 


162 
solvent was evaporated first in a rotary evaporator, then in a nitrogen stream and finally in 
a vacuum oven at 60 ºC for 6 h. The total mass of extract was determined gravimetrically. 
 
5.15.4 Methyl morolate isolation  
50 g of outer bark were Soxhlet extracted with dichloromethane for 7 h. The solvent 
was removed and the extract dried for gravimetric quantification. The dried extract was 
taken in hexane, transferred to a separating funnel and washed with a potassium 
hydroxide solution (0.1 mol L-1) to remove acidic components. The organic fraction was 
collected, concentrated and fractionated by chromatography on silica gel packed column, 
eluting with a mixture of ethyl acetate: light petroleum (9:1). Several fractions were 
collected and analysed by GC–MS. The fractions enriched in the desired compound were 
further fractionated by thin layer chromatography in silica gel, eluting with the same eluent 
used in the silica gel bed, allowing isolating pure methyl morolate. 
 
5.15.5 GC-MS analysis 
Prior to GC–MS analysis, about 20 mg of each dried extract were trimethylsilylated 
according to the literature [15, 33]. The extracts, together with 0.5-1.0 mg of tetracosane 
(99% pure, Sigma) used as internal standard, were dissolved in 250 µL of pyridine. 
Compounds with hydroxyl and carboxyl groups were then converted into trimethylsilyl 
ethers and esters (TMS) respectively, by adding 250 µL of BSTFA and 50 µL of TMSCl 
and keeping the reaction mixture in an oil bath at 70 ºC for 30 min. The GC–MS analysis 
was performed on a trace Gas Chromatograph 2000 series, equipped with a Thermo 
Scientific DSQII single-quadrupole mass spectrometer. Analysis of samples were carried 
out using a DB-1 J&W capillary column (30m × 0.32 mm inner diameter, 0.25 µm film 
thickness) using Helium as carrier gas (35 cm s-1). The chromatographic conditions were 
as follows: initial temperature, 80 ºC for 5 min; temperature gradient, 4 ºC/min up to 260 
ºC; and 2 ºC/min till the final temperature of 285 ºC and kept at 285 ºC for 10 min. Injector 
temperature, 250 ºC; transfer-line temperature, 290 ºC; split ratio, 1:50. The MS was 
operated in the electron impact mode with electron impact energy of 70 eV and data 
collected at a rate of 1 scan s-1 over a range of m/z 33–750. The ion source was 
maintained at 250 ºC. 
Chromatographic peaks were identified on the basis of the comparison of their mass 
spectra with the equipment mass spectral library (Wiley-NIST Mass Spectral Library 
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1999), their characteristic retention times obtained under the described experimental 
conditions, and their fragmentation profiles with published data [7, 8, 15, 34-37]. For 
quantitative analysis, GC–MS was calibrated with pure reference compounds, 
representative of the major lipophilic extractive components (namely, palmitic acid, 
nonacosan-1-ol, β-sitosterol, betulinic acid, ursolic acid and oleanolic acid), relative to 
tetracosane, the internal standard. The respective response factors were calculated as an 
average of six GC–MS runs. Two aliquots of each extract were analyzed. Each aliquot 
was injected in triplicate. The presented results are the average of the concordant values 
obtained for each part (less than 5% variation). 
 
5.16 Results and discussion 
5.16.1 Extraction yield  
The dichloromethane extraction yields of E. grandis x globulus bark differs significantly 
between the two morphological regions and also in respect to the species from which it 
derives, namely E. globulus and E. grandis [16]. The outer bark fraction presents a 
lipophilic extractives yield (2.1% of dry bark weight) considerably higher than that of the 
inner fraction (0.2%), which is in agreement with the results previously reported for other 
Eucalyptus species [18, 38]. Additionally, the inner bark fraction of E. grandis x globulus 
shows lower amounts of lipophilic extractives than those reported for E. globulus and E. 
grandis, of around ~0.5%,  [16]; finally the outer bark extraction yield is lower than that 
found for the outer bark of E. globulus but higher than that of E. grandis, of around 3.9% 
and 1.3% respectively, [16]. 
 
5.16.2 Extracts composition  
The chemical composition of the dichloromethane extracts of the inner and outer barks 
fractions of E. grandis x globulus are significantly distinct between them and also when 
compared with the two species that originated this hybrid. The chromatogram of the outer 
bark extract (as TMS derivatives) is shown in Figure 5.29 as an example and the detailed 
compositions of both extracts are listed in Table 5.12. 
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Table 5.12. Lipophilic components (mg of compound kg-1 of dry bark) identified in the 
dichloromethane extract of the inner and outer bark fractions of E. grandis x globulus. (tr: traces).  
 
Retention time 
(min) 
Compound Content  
(mg kg-1 of dry bark) 
Inner Outer 
 Fatty acids   
5.3 Hexanoic acid 4.5 tr 
14.8 Nonanoic acid 4.9 tr 
17.8 Decanoic acid 6.6 tr 
23.5 Dodecanoic acid 2.1 tr 
27.5 Nonadienoic acid 1.9 14.2 
28.6 Tetradecanoic acid 1.4 17.3 
31.0 Pentadecanoic acid 1.0 8.7 
33.3 Hexadecanoic acid 53.2 89.3 
35.5 Heptadecanoic acid 10.4 tr 
36.7 Linoleic acid 7.4 31.0 
36.9 Oleic acid 1.2 19.5 
37.6 Octadecanoic acid 9.5 17.6 
41.6 Eicosanoic acid 2.4 tr 
45.3 Docosanoic acid 4.1 12.1 
47.0 Tricosanoic acid 2.3 tr 
48.8 Tetracosanoic acid 4.7 136.8 
50.4 Pentacosanoic acid 2.2 tr 
52.1 Hexacosanoic acid 3.8 93.5 
55.9 Octacosanoic acid 3.1 18.8 
60.3 Triacontanoic acid 3.5 tr 
 
ω-Hydroxy fatty acids   
51.5 22-Hydroxydocosanoic acid 1.2 tr 
    
 Long chain aliphatic alcohols  
21.6 Dodecan-1-ol 1.0 tr 
31.6 Hexadecan-1-ol 32.2 33.6 
35.3 (z)-Octadec-9-en-1-ol 51.1 47.6 
36.0 Octadecan-1-ol 24.9 20.2 
47.4 Tetracosan-1-ol tr 30.6 
50.7 Hexacosan-1-ol 1.3 138.5 
54.3 Octacosan-1-ol 7.9 224.6 
58.6 Triacontan-1-ol 11.0 tr 
    
 Aromatic compounds   
19.2 Vanillin 2.8 28.6 
24.4 Syringaldehyde 1.8 58.7 
26.2 Vanillic acid 0.5 tr 
29.6 Syringic acid 0.7 tr 
    
 Sterols   
57.6 β - Sitosterol 82.4 267.0 
57.7 β - Sitostanol 7.9 tr 
    
 Triterpenoids   
57.4 β - Amyrin 40.9 103.2 
58.4 Methyl morolate 26.9 3216.8 
61.0 Betulonic acid tr 71.1 
62.2 Oleanolic acid 8.0 916.3 
62.6 Betulinic acid 7.5 626.0 
63.1 Ursolic acid 13.0 1279.0 
63.6 3-Acetyloleanolic acid 4.4 715.1 
64.4 3-Acetylbetulinic acid tr 28.2 
64.8 3-Acetylursolic acid 9.7 1598.1 
    
 Other compounds   
5.0 Butane-1,3-diol 38.6 65.9 
11.1 Diethylene glycol 1.8 tr 
12.8 Glycerol 15.4 29.2 
13.7 Butane-1,2,3-triol tr 14.0 
53.9 α-Tocopherol tr 15.5 
    
 Total identified 524.1 10000.6 
 Total non identified 195.3 989.4 
 Total detected 719.5 10990.0 
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Figure 5.29. Typical GC-MS chromatogram of the derivatized dichloromethane extract of E. 
grandis x globulus outer bark. F.A., fatty acids; L.C.A.A., long chain aliphatic alcohols; I.S., internal 
standard (tetracosane). 
 
The outer bark fraction of E. grandis x globulus is mainly composed of triterpenoids 
(8.6 g kg-1), and predominantly oleanane, ursane and lupane type triterpenic acids (Figure 
5.28), previously reported in other Eucalyptus species [11, 15-17]. However, the most 
abundant compound of E. grandis x globulus outer bark was identified as methyl morolate 
(methyl 3-hydroxyolean-18-en-28-oate) accounting for 3.2 g kg-1. The identification and 
detailed characterization of methyl morolate by MS and NMR will be described below. 
Methyl morolate has never been reported as a component of lipophilic extracts of 
Eucalyptus bark samples. However, morolic acid has been previously reported in the bark 
of Eucalyptus papuana and Eucalyptus grossa [39, 40].  
The other triterpenic compounds identified in this fraction were ursolic (1.3 g kg-1), 
betulinic (0.6 g kg-1), oleanolic (0.9 g kg-1), betulonic (70 mg kg-1), as well as the acetyl 
derivatives 3-acetylursolic (1.6 g kg-1) and 3-acetyloleanolic (0.7 g kg-1) acids. All these 
triterpenic acids have already been reported as components of E. globulus [15] and E. 
grandis [17] outer barks, where they account for 25 g kg-1and 5.7 g kg-1, respectively. 
Minor amounts of β-amyrin and β-sitosterol, along with fatty acids (C9 to C28, 0.5 g kg-1) 
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and long chain aliphatic alcohols (C16 to C28, 0.5 g kg-1) were also detected in this 
fraction.  
In the inner bark fraction, long chain aliphatic alcohols (129 mg kg-1) such as 
hexadecan-1-ol (32.2 mg kg-1), octadec-9-en-1-ol (51.1 mg kg-1) and octadecan-1-ol (24.9 
mg kg-1) are the most abundant family of compounds. Fatty acids (130 mg kg-1) were also 
detected in considerable amounts, with hexadecanoic (53.2 mg kg-1), heptadecanoic (10.4 
mg kg-1) and tetracosanoic acids (4.7 mg kg-1) as the main components of this family. 
However, although fatty acids and long chain aliphatic alcohols are the main families of 
compounds detected in this extract, the most abundant component is β-sitosterol 
accounting for 82.4 mg kg-1. This sterol has already been identified in bark fractions of E. 
grandis, E. urograndis, E. globulus, E. maidenii and E. nitens [15-17]. 
 
5.16.3  Characterization of methyl morolate  
The identification of methyl morolate was based on the analysis of its MS profile and on 
the results obtained from NMR experiments. However, the results of NMR discussion 
were not performed by the author. 
The mass spectrum of the trimethylsilyl derivative of methyl morolate (Figure 5.30) 
shows a fragmentation profile similar to those found for other triterpenic acids [37], but 
with a molecular ion at m/z 542 (I) instead of m/z 600 as observed for those compounds, 
which is consistent with the presence of a methyl ester instead of a TMS ester as for the 
later one. This was confirmed by submitting the extract to alkaline hydrolysis (data not 
shown), resulting in the emergence of a new chromatographic peak at retention time 
58.85 min assigned to morolic acid TMS derivative with a molecular ion at m/z 600. The 
most relevant fragments of the TMS derivative of methyl morolate and the corresponding 
m/z values are shown in Figure 5.31. Apart from typical fragmentations assigned to the 
loss of 3-OTMS (III) and 17-COOMe (IV) groups, the most relevant fragmentations of 
methyl morolate involve the cleavage of ring C leading to fragments containing either A 
and B (II) or D and E (V, VI, VII, IX, X and XI) rings. These fragmentations are in close 
agreement with the previously reported MS data [34, 37]. 
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Figure 5.30. Mass spectrum of the TMS derivative of methyl morolate. (Roman numbering 
corresponds to mass fragments shown in scheme of Figure 5.31). 
 
 
Figure 5.31. Main MS fragments and relative abundances of the TMS derivative of methyl morolate 
under EI conditions. (Roman numbering corresponds to those fragments shown in mass spectrum 
of Figure 5.30.) 
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The unambiguous identification of methyl morolate was also confirmed by several NMR 
techniques. As expected for triterpenic structures, the 1H NMR spectrum revealed a large 
number of signals in the aliphatic region, between δ 0.2 and 1.8 ppm, where resonances 
of the methyl groups are well visible. A triplet found at δ 3.38 ppm is assigned to the CH-
OH, which, in the HSQC spectrum, correlates with a carbon at δ 76.2 ppm, being then 
assigned to C-3 resonance. The presence of a methyl ester group is confirmed by a 
singlet at δ 3.69 ppm which was assigned to the COOCH3 resonance, which in the HSQC 
spectra correlates with a carbon resonance at δ 51.9 ppm assigned to the corresponding 
COOCH3. Furthermore the presence of an ester group can be also confirmed by the 13C 
resonance at δ 177.3 ppm assigned to the COOMe carbon. 
The doublet at δ 5.12 ppm (J = 1.5 Hz) corresponds to a vinylic proton while the 
presence of two resonances at δ 132.5 and 137.2 ppm, in the 13C NMR spectrum, 
confirms also the existence of a double bond. Based on the DEPT analysis, those signals 
correspond to tertiary and quaternary carbon resonances, respectively. Furthermore, the 
tertiary nature of the carbon assigned to the resonance at δ 132.5 ppm was also 
confirmed based on the HSQC experiments, through the correlation with the proton 
resonance at δ 5.12 ppm. However this data were not conclusive in what concerns the 
position of the double bond in the structure, a crucial aspect to confirm the identification of 
methyl morolate, particularly because the vinylic resonance at δ 5.12 ppm appears as a 
doublet, while in the literature, for morolic acid the resonance of this proton is always 
reported as a singlet [41-43]. In the 2D COSY spectrum, the resonance at δ 5.12 ppm 
correlates with a resonance at δ 2.2 ppm, the same that in HSQC correlates with a carbon 
at δ 41.2 ppm and that in the DEPT analysis is showed as a tertiary carbon (Figure 5.32). 
This information confirms the allylic coupling between H-19 and H-13, which has not been 
reported previously. 
 
Figure 5.32. Allylic correlation present in the COSY spectrum (left) and HMBC correlations of 
methyl morolate (right). 
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5.16.4 Supercritical CO2 extraction of outer bark   
In this study, SC-CO2 extraction experiments of outer bark fraction of E. grandis x 
globulus were carried out in order to assess the viability of using this green methodology 
for the extraction of methyl morolate. SC-CO2 has been successfully applied in the 
extraction of several triterpenic molecules from different vegetable matrixes at pressures 
in the range of 10–40 MPa and temperatures of 313–333 K, depending on the material to 
be extracted [31, 32, 44, 45]. Considering the predominant non polar nature of methyl 
morolate, one could anticipate that it would be soluble in SC-CO2. The chosen extraction 
conditions were 20 MPa and 333 K, corresponding to a SC-CO2 density of 0.696 g cm-3 
(calculated by the Stryjek and Vera modification of the Peng-Robinson equation of state 
[46]).  
The cumulative extraction curves for the main families of compounds present in the 
supercritical extracts are shown in Figure 5.33. Triterpenoids are the main family of 
molecules accounting for a total of 4.9 g kg-1 of bark at the end of the extraction. This 
amount did not reach the level of triterpenoids extracted with dichloromethane, 8.6 g kg-1of 
bark. However, considering the increasing trend of the extraction curve at the end of the 
experiment (10 h), one can assume that the SC-CO2 extraction capacity for this family of 
compounds was not completely exhausted and therefore higher yield could be achieved if 
extraction proceeded.  
 
Figure 5.33. Cumulative extraction curves of the main families of compounds detected in the SC-
CO2 extracts of E. grandis x globulus outer bark. F.A., fatty acids; L.C.A.A., long chain aliphatic 
alcohols; ST, sterols; Total T.T., total triterpenoids (sum of free and acetyl triterpenic acids, methyl 
morolate - see Figure 5.34a – and neutral and non-identified triterpenoids). 
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For the other families of molecules, namely, fatty acids, long chain aliphatic alcohols, 
sterols and other compounds, it is clear that in all cases an extraction plateau was 
reached after c.a. 2 h (Figure 5.33). Fatty acids and long chain aliphatic alcohols 
extraction yields (0.4 g kg-1and 0.5 g kg-1respectively) were comparable to those obtained 
with dichloromethane (0.5 g kg-1in both cases). On the other hand, sterols attained 0.1 g 
kg-1of bark, below the isolated content obtained by Soxhlet extraction (0.3 g kg-1). 
Concerning the triterpenic composition of the supercritical extracts, although the 
components comprised in this group show similar backbone structures, major differences 
on its SC-CO2 extraction behaviour were observed for the different subgroups of 
triterpenoids: free triterpenic (FTT) acids (ursolic, betulinic, oleanolic and betulonic acids), 
acetyl derivatives of triterpenic (ATT) acids (3-acetylursolic and 3-acetyloleanolic acids), 
and finally the methyl morolate. The cumulative curves of extraction of these subgroups 
(Figure 5.34a) and their purity progression (Figure 5.34b) are shown in Figure 5.34. 
Methyl morolate shows high extraction rates in the first 2 h and reaches a plateau after 6 
h, totalizing 2.7 g kg-1of bark. This amount represents 85% of its extraction yield with 
dichloromethane. Furthermore, the co-extraction of other compounds is lower with SC-
CO2 in comparison with dichloromethane Soxhlet extraction, resulting in higher purity of 
methyl morolate in the supercritical extract (Figure 5.34b): with dichloromethane, its 
concentration is about 15 g/100 g of extract while with SC-CO2 it represents about 29 
g/100 g of extract at 6 h (when the maximum is reached) representing an enrichment of 
nearly 100%. These results demonstrate that SC-CO2 is a good and fairly selective 
solvent for methyl morolate in the tested conditions. 
The ATT and FTT acids show a completely different extraction behaviour, not only 
when compared to methyl morolate but also among them. ATT acids exhibit higher 
extraction rates than FTT acids but lower than methyl morolate (Figure 5.34a), accounting 
for a total of 1.3 g kg−1 of bark which represents 57% of the dichloromethane extract. At 
the end of the experiment, ATTs account for 13 g/100 g of extract (Figure 5.34b) which is 
similar to the composition observed in the dichloromethane extract (11 g/100 g of extract). 
On the other hand, FTT acids are poorly extracted totalizing only 0.2 g kg-1 of bark, which 
represents 7% of the reference value of the dichloromethane extract. Therefore, the 
content of total FTTs in the SC-CO2 extract is only of about 2 g/100 g (Figure 5.34b), while 
they reach 13 g/100 g of the dichloromethane extract. Such different extraction yields of 
ATTs and FTTs can be explained by their distinct polarity characteristics: ATTs are less 
polar then FTTs, resulting in higher solubility in SC-CO2. In order to improve the solubility 
of FTTs in the supercritical solvent and consequently to increase its removal, the polarity 
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of CO2 should be modified by adding a liquid co-solvent (for example, ethanol) to increase 
its solvent power towards polar molecules [28]. 
 
Figure 5.34. (a) Cumulative extraction curves of free triterpenic acids (FTT), acetyl derivatives of 
free triterpenic acids (ATT) and methyl morolate; (b) purity evolution of free triterpenic acids, acetyl 
derivatives of free triterpenic acids, methyl morolate and total triterpenoids (T.T.) in the SC-CO2 
extracts of E. grandis x globulus outer bark. 
 
Finally, the total triterpenoids content in the extracts increase in the first 2 h due to the 
efficient extraction of methyl morolate and ATTs, reaching a maximum of 55% of the 
extract (Figure 5.34b). After this point and regardless of the increment in all triterpenoids 
(Figure 5.34a), a decrease in their content in the extract is observed (Figure 5.34b) due to 
an increment on the co-extraction of non triterpenic components. Nevertheless, the final 
overall purity of the total triterpenic fraction in the SC-CO2 extract is about 48% (Figure 
5.34b) being higher than that obtained with dichloromethane (40%). Even considering the 
poor extraction yield of FTT acids with SC-CO2, one can state that this technique has 


172 
shown promising results for the selective extraction of methyl morolate from E. grandis x 
globulus outer bark residues and future optimising work can lead to improvements on the 
ATT and, particularly, FTT acids extraction rates and yields. 
 
5.17 Conclusions 
The results shown here have demonstrated that E. grandis x globulus outer bark 
residues can be a relevant source of methyl morolate. This molecule can be easily 
converted into morolic acid by a simple alkaline hydrolysis, thus avoiding the currently 
established complexity of the multiple steps procedures involved in its common 
preparation [47]. Furthermore, it was also shown that SC-CO2, an environmentally friendly 
and benign solvent, can not only be used as an alternative to organic solvents in the 
extraction of methyl morolate from the bark, but also the resulting supercritical extracts 
proved to be enriched in this compound. 
Concerning the biorefinery concept integration in a pulp mill processing E. grandis x 
globulus wood, this work can be an important contribution for the up-grade of a low-value 
and highly available biomass residue, and thus, contribute to the screening of potential 
new income sources for these industries. 
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6. General Conclusions and future work 
 
 
General conclusions  
 
The implementation of the biorefinery concept in the pulp and paper industry is 
fundamental for the future development of the sector. A deep literature survey was carried 
out and allowed us to conclude that there are several pathways and potential 
opportunities for new formulations from wastes and by-products of pulp mills. The 
exploitation of the triterpenic fraction of E. globulus biomass residues, mainly bark, was 
particularly reviewed in this work because of the relevant and recognized biological 
activities of such molecules, and possible applications (or perspectives) as nutraceuticals, 
pharmaceuticals or precursors for their production. Furthermore, given the target markets 
of these products, along with current social, political and industrial thinking drives, the 
non-toxic green technologies, like supercritical fluid extraction (SFE), received particular 
attention in this thesis. At this level, it was concluded that very little work has been 
performed, therefore, this thesis offered a great contribute on this matter. 
 
The Eucalyptus species are the most important fiber sources for pulp and paper 
production in South-West Europe (Portugal and Spain), South America (Brazil and Chile), 
South Africa and Japan, among other countries. While the composition of the lipophilic 
fraction of the bark from Eucalyptus globulus, mostly used in Iberian countries, was 
already published (by our group), the same was not true in the case of other commercially 
important species processed in different world regions such as E. grandis, E. urograndis, 
E. maidenni and E. nitens. In order to assess the potential of their barks as sources of 
triterpenic compounds, the characterization of their lipophilic fraction was firstly 
accomplished in detail.  
In the whole, it was found that triterpenic acids (TTAs) with lupane, oleanane, and 
ursane structures (mainly ursolic, betulinic and oleanolic acids, and their acetyl 
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derivatives) were particularly abundant in outer bark – from 4.5 g/kg in E. urograndis to 
21.6 g/kg in E. nitens – being the inner bark counterparts poorer in these compounds. The 
difference observed between the two morphological regions of the bark, and the high 
triterpenic acids contents in the outer barks of these Eucalyptus species are in agreement 
with previous results for E. globulus.  
Furthermore, it was concluded that the outer bark of Eucalyptus species typically 
utilized in commercial plantations from temperate and Mediterranean regions (particularly 
E. globulus and E. nitens) was much richer in triterpenic acids than that from sub-tropical 
and tropical regions (E. urograndis and E. grandis), which makes their bark a promising 
raw material for the hypothetical triterpenic acids production.  
Finally, differences were also observed on the triterpenic acids compositions within the 
Eucalyptus outer barks studied. While E. globulus was clearly the richest in ursane acids, 
E. nitens outer bark was the richest in oleanane and lupane acids. This may be relevant 
from an exploitation point of view, since distinct species can lead to different final 
products: crude extracts, triterpenic acids enriched fractions, or even pure triterpenic 
acids.  
The results of this part of the thesis clearly indicated that, from a possible exploitation 
point of view, one should focus on the triterpenic rich outer bark fractions. Hence, it is 
necessary to introduce modifications in the industrial debarking system in order to 
guarantee the separation of the external bark prior to fully debarking the logs. This 
approach would advantageously lead to a richer starting raw material and inferior 
quantities of bark to treat, which imply smaller equipments size, and a sharp decrease in 
solvent, chemicals and utilities consumption for their production. From an economical and 
operational point of view, this would obviously have a positive impact. 
 
In this thesis it also disclosed a patent describing one method for obtaining an extract 
rich in triterpenic acids from Eucalyptus bark. This invention leads to extracts with very 
high contents of triterpenic acids (up to 98 wt. %) and it is based on conventional 
methodologies with the advantage of being highly efficient and easily industrialized when 
compared to some of the alternative technologies available. The operations embodied are 
solid-liquid extraction, acid-base reactions, precipitation, and filtration, centrifugation or 
membrane separtions.  
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The SFE of triterpenoids from E. globulus bark, using pure and modified CO2 with 
ethanol, was also studied in detail in order to evaluate its applicability for their selective 
and efficient production.  
Preliminary results showed that pressure has a large influence upon the extraction 
yield and extracts concentrations, and that the introduction of ethanol more than trebles 
the yield of triterpenoids, which highlighted the important role played by co-solvent in this 
extraction. In fact, it was observed that the ethanol effect was more important than 
increasing pressure by several tens of bar, within the parameters ranges studied, and thus 
it may be used with advantage in this process development.   
A design of experiments (DOE) and the response surface methodology (RSM) were 
implemented in order to identify the main factors and interactions influencing the yield and 
quality of the extracts of E. globulus bark. The ranges of operating conditions were 100-
200 bar, 40-60 ºC, and 0.0-5.0% of ethanol. Generally, the fitted models described 
reasonably the experimental results and their trends. In all cases, pressure and ethanol 
addition favored the triggered responses, while temperature was seen to unfavorably 
affect all them. The optimized independent variables that maximized TTAs recovery and 
their concentration in extracts were: 200 bar, 40ºC and 5% ethanol. Under these 
conditions, the regressed models provided an extraction yield of 1.2 wt.% and TTAs 
concentration of 50%, which correspond to TTAs yield of 5.1 g/kg of bark and a recovery 
of 79.2% in comparison to the reference value measured by Soxhlet with 
dichloromethane.   
The two different groups of TTAs (free and acetylated TTAs) composing the extracts of 
E. globulus bark shown significantly different behaviors in the extraction. Due to the 
inferior polarity of acetylated TTAs, and thus higher affinity to SC-CO2 when compared to 
the free forms, they were extensively removed and tended to a plateau near 200 bar and 
5% ethanol. On the other hand, the uptake of free acids always increased in the range of 
conditions studied without achieving a plateau of maximum extraction.  
The supercritical extraction curves of E. globulus bark were also measured in order to 
investigate the kinetic behavior of the process. Different pressures, temperatures, CO2 
flow rates, and ethanol addition were studied. The results obtained corroborated our 
previous observations, i.e. pressure and ethanol content are the most significant variables 
due to solubility enhancement, while temperature imparted a slight negative effect owing 
to density/solubility decrease. Furthermore, by increasing the mass flow rate of CO2 the 
film resistance to mass transfer was eliminated. Concerning modeling, the results 
achieved with the Logistic, Desorption, Simple Single Plate, and Diffusion models proved 
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that our experiments were essentially controlled by intraparticle diffusion, but external 
limitations were also found at the low flow rates tested. These informations are 
fundamental for the optimization of operating conditions and future scale up of the 
extraction process.  
Considering all SFE results, a stepwise extraction strategy was devised in order to 
maximize the concentration of TTAs in extracts upon some loss of yield. With this 
approach we intended to generate extracts enriched in triterpenic acids by firstly removing 
part of the aliphatic compounds (fatty acids, long chain aliphatic alcohols, and other 
substances) with SC-CO2, since numerous substances are CO2-philic, and then extract 
the triterpenic fraction by performing the second step in conditions that favors their uptake. 
The conditions chosen were:  first step - 120 bar, 40 ºC and 0% ethanol; second step - 
200 bar, 40 ºC and 5% ethanol. This experiment in series demonstrated that it is possible 
to enrich the TTAs extracts, but the concentration increment was modest, only 10% higher 
than those obtained in a single step extraction. Thus, the option for the two-step approach 
requires more studies even at pilot scale.  
Finally, the detailed study of E. grandis x globulus bark demonstrated it can be a 
relevant source of methyl morolate. This molecule can be easily converted into morolic 
acid by simple alkaline hydrolysis, thus avoiding the currently established complexity of 
multiple steps in its common synthesis. Morolic acid exhibits various interesting 
pharmacological properties and its high abundance in E. grandis x globulus outer bark 
might open new opportunities for its exploitation within the biorefinery concept applied to 
pulp mills. The SFE proved to be suitable for the production of methyl morolate, taking 
account of its predominant non polar nature. The technique was able to recover 85% of its 
total content and increased in twofold its concentration in the supercritical extract. 
 
 
Future Work 
 
The work developed in this thesis demonstrated the potential of the Eucalyptus spp. 
barks as sources of triterpenic compounds, particularly triterpenic acids, which exhibit a 
vast range of biological activities. Their use in several pharmacological applications is 
expected to become very successful in the medium-term while, in the short-term, the less 
regulated nutraceutical and cosmetic sectors are being the target markets of these 
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triterpenic acids. Accordingly, the exploitation of triterpenic acids from Eucalyptus spp. 
bark could be a typical example of the production of a high value / low volume product 
through the implementation of the biorefinery concept in this industry. The important 
contribution provided here to this aim comprehends not only the knowledge of the 
lipophilic composition of the most commercially important Eucalyptus spp. barks and their 
potential as triterpenic acids sources, but also to the analyses and development of 
methods for their extraction and fractionation.  
At this moment, it is necessary to perform several tasks to conclude this integrated 
work. Some of them are presently ongoing in our research group, and will be briefly 
described in the following. 
The scale up studies of the SFE process is being accomplished in collaboration with an 
industrial partner. Two different scales, tenfold and hundred sixtyfold pilot scale, have 
been tested with positive results, showing that the process may be up-scalable. This work 
is expected to be finished in the short-term, and will allow us to refine the economical 
analysis of our biorefinery approach. 
Through the extraction and fractionation process developed and patented during this 
thesis one can obtain triterpenic acids fractions with purity up to 98%, mainly composed of 
ursolic, oleanolic, betulinic and belulonic acids. This enriched extract has already 
considerable added value. Nonetheless, its pure components are much more valuable 
mainly for some target markets like the pharmaceutical one. In this vein, we are also 
working on the separation/isolation of these molecules from the triterpenic rich extract by 
preparative chromatography and simulated moving bed. The fundamental idea is to 
produce smaller quantities of pure molecules, but with very high added value. 
The purification of the supercritical extracts, with the objective to increase their TTAs 
content up to 98% also, can be accomplished by combining the SFE with the second part 
of our patented process, which seems possible through minor adaptations. This approach 
will be studied soon also in collaboration with an industrial partner. 
Finally, it is necessary to develop the mechanical separation of the triterpenic rich 
external bark from the remaining bark, prior to fully debarking of the Eucalyptus logs. This 
issue is being discussed with the pulp and paper industrial partner since it is out of our 
field of expertise while he possesses a vast know-how on Eucalyptus wood handling. 
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Appendix 1        
Appendix 1 
GC-MS spectra of key molecules of lipophilic extracts of Eucalyptus bark  
 
Generally, the most common families of compounds identified in the lipophilic 
extractives of Eucalyptus spp. barks are triterpenoids, sterols, fatty acids and long chain 
aliphatic alcohols.  
The triterpenoids detected in Eucalyptus spp. barks have ursane, oleanane and lupane 
structures, as discussed in Chapter 3. The TMS derivatives of ursolic (ursane) and 
oleanolic (oleanane) acids have been identified based on their fragmentation pattern and 
elution order [1-4]. The most important signals are found at m/z 600 [M]+., 585 [M-CH3]+, 
510 [M-TMSOH]+, 495 [M-TMSOH-CH3]+, 482 [M-TMSOOCH]+, 393 [M-TMSOH-
TMSOOC]+, 392 [M-TMSOH-TMSOOCH]+ (Figure A1 and A2) [1-4]. The presence of a 
double bond C12=C13 originates a retro-Diels-Alder (rDA) reaction, resulting in the 
formation of two fragments containing rings A, B and part of C, on one side, and the rings 
D, E and part of C on the other. The generated fragments results in the characteristic 
signals at a m/z 320, 279, 203, 189 and 133 shown in Figure A2 [3, 4].  
 
 
 
Figure A1. Mass spectrum of ursolic acid TMS derivative.  
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Figure A2. Main fragmentations of TMS derivatives of triterpenoids with ursane type structure. m/z 
values correspond to fragments of ursolic acid TMS derivative. 
 
The acetylated forms of oleanolic and ursolic acids (in 3-OH) are also frequently 
identified in considerable amounts in extracts of Eucalyptus spp. barks. The main 
difference between the spectra of the acetylated and the free forms spectra from these 
TMS derivatives is the molecular ion, that in the acetylated derivatives occur at m/z 570 
(Figure A3) instead of m/z 600. 
 
 
Figure A3. Mass spectrum of 3-acetylursolic acid TMS derivative.  
 
Another oleanane-type triterpenoid detected in these extracts was β-amyrin. The mass 
spectrum of the TMS derivative of this compound (Figure A4) is characterized by the 
presence of a strong ion signal at m/z 218, followed by signals at m/z 279, 203 and 189, 
resulting from the previously described retro-Diels-Alder cleavage occurring at the C ring 
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of the molecule. Other relevant ions are observed at m/z 498 [M]+., 483 [M-CH3]+ and 408 
[M-TMSOH]+ [3, 4]. 
 
 
Figure A4. Mass spectrum of β-amyrin TMS derivative.  
 
Betulonic and betulinic acids, compounds with lupane-type structure, are also among 
the most abundant triperpenoids detected. The mass spectra of both compounds show a 
strong signal at m/z 189, characteristic of the fragmentation patterns of this family [3, 5]. 
Similarly to ursanes, the spectrum of betulinic acid (Figure A5) shows the molecular ion at 
m/z 600 and the fragment at m/z 279 corresponding to rings A and B with the TMS ether, 
resulting from the cleavage of the bond between C8-C14 [6]. Other characteristic 
fragments of the TMS derivative of this compound are found at m/z 585 [M-CH3]+, 510 [M-
TMSOH]+, 482 [M-TMSOOCH]+, 393 [M-TMSOH-TMSOOC]+ and 73 [TMS]+ [1, 3, 5, 6]. 
 
 
Figure A5. Mass spectrum of betulinic acid TMS derivative.  
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The mass spectrum of betulonic acid TMS derivative (Figure A6) is similar to that of 
betulinic acid, with the main difference being observed in the molecular ion appearing at 
m/z 526 instead of m/z 600, because it has a carbonyl group at C3 instead of a silylated 
hydroxyl group in position 3 [3, 5]. 
 
 
Figure A6. Mass spectrum of betulonic acid TMS derivative.  
 
The mass spectra of sterols TMS derivatives, including β-sitosterol that has been 
detected in considerable amounts in the extracts of Eucalyptus globulus bark, generally 
exhibit easily discernable molecular ion peaks, being also possible to indirectly obtain 
information about their molecular weight through the [M-CH3]+ ions peaks. The TMS group 
strongly directs the fragmentation and thus, the mass spectra of sterols are usually 
characterized by the presence of fragments containing that moiety [2, 5, 7]. The ions at 
m/z 73 [(CH3)3Si]+ and 75 [(CH3)2Si-OH]+ are common to mass spectra of TMS derivatives 
of sterols but  do not provide relevant structural information. In most cases, fragments with 
TMS groups provide important structural information. For example, the ions at m/z 129 
and [M-129]+, corresponding to the loss of a TMS group together with a three carbons 
fragment from ring A containing the C1, C2 and C3, favored by the C5=C6 double bond, 
are characteristic of 3-hidroxy-∆5-sterols [5, 7, 8]. The fragment corresponding to the 
elimination of the trimethylsilanol group [M-90]+ also provide relevant structural information 
[7, 8]. These fragments are clearly visible in the mass spectrum of the TMS derivative of 
β-sitosterol shown in Figure A7. 
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Figure A7. Mass spectrum of β-sitosterol TMS derivative.  
 
Fatty acids are also easily identified by GC-MS as TMS derivatives. Abundant ions 
arise from the derivatizing TMS group itself at m/z 73 and 75. The intense ion  assigned 
to[M-CH3]+ and other abundant ions appearing at m/z 117, 129, 132 and 145, being the 
last two due to the McLafferty type rearrangement, are typically found in the mass spectra 
of these compounds [9, 10], as illustrated for hexadecanoic acid (palmitic acid) TMS 
derivative in Figure A8. 
 
 
Figure A8. Mass spectrum of hexadecanoic acid TMS derivative.  
 
Finally, long chain aliphatic alcohols are easily identifiable by their characteristic high 
intensity ion peaks at m/z 75 and [M-CH3]+. Ions at m/z 89 and 103 [(CH3)3SiOCH2]+ are 
also usually present in the mass spectra of TMS derivatives of fatty alcohols (see example 
of octadecan-1-ol TMS derivative in Figure A9) and help to distinguish them from the TMS 
derivatives of fatty acids [9, 10]. 
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Figure A9. Mass spectrum of octadecan-1-ol TMS derivative.  
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